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EXECUTIVE SUMMARY

The Federal Aviation Administration contracted with the f.irm

of E. A. Hickok and Associates to perform the National Runway
Friction Measurement Program as described in Contract No.
DOT-FA78WA-4242 dated September 29, 1978. The program included
runway friction measurements and evaluation of pavement surface
conditions on 491 runways at 268 airports that have at least one

' ILS runway serving scheduled turbo-ijet operations throughout the

' 48 contiguous United States. The data were used to develop

[ guidance materials to help insure the design and maintenance of
nonslippery surfaces at United States airports.

The program consisted of two phases. The specific purposes
of Phase I were to develop survey procedures and evaluate the
performance of t... specified equipment. The results of Phase I
are contained in the National Runway Friction Measurement Program
Phase I Summary Report, dated June 26, 1979.

The primary purpose of the data gathering process was the
collection of pavement surface friction measurements. Fricticn
measurements were performed with Mu-Meters equipped with
self-watering systems. The Mu-Meter evaluates the side-~force

: friction between measuring tires and pavement surface.
Measurements were made with a controlled water depth of 1.0
millimeter (0.04 inches) at 40 miles per hour. The friction is
reported as wet Mu value, which has a theoretical range from

} to 100. Other field procedures included a pavement condition
survey and an engineering data inventory for each runway. Six
survey teams accomplished the data collection.

Auality control was essential to the data collection process,
Zach survey team evaluated the collected data in *the field. Darta
anomalies were investigated and retesting was verfcrmed if
necessary. Portable computer terminals were used for field data
entry so that survey results were immediatelv available to the
contractor's home office and the FAA project office. Accuracy of i
data transfer was constantly evaluated at the home office. Seniocr ,
personnel performed field quality control to assure consistency in s
data collection procedures.

! After each testing, a brief Airport Survev Revort was produced |
to provide rapid feedback to airport management. At the
conclusion of all field work, an engineering evaluation was
performed or the data as a whole using statistical and analytical :
techniques. ‘

The data analysis required a computerized data base and was
p>rformed with a nationally vended computerized statistical
package. The primary methods employed were multiple regression
and correlation. Residual analysis was employed in reviewing the
outcome of regression runs and led to identification of unique
circumstances, thereby allowing verification of the data prior to
drawing general conclusions.




For the engineering evaluation, surface friction and other
pavement surface conditions were averaged over 500-foot long
runway segments. Including all runways and test dates, the data
base contained over 42,000 such segments. Statistical analysis
was confined to some 29,000 uniform segments. Of the 491 runways
tested, 122 (24.8%) had wet Mu values less than 50 on at least one
500-foot segment cn their final test. However, only 1900 (4.5%)
of the 42,000 segments had wet Mu values less than 50. Of the 122
runways with low segments, 64 runways (52.5%) had wet Mu values
less than 50 for less than 1000 feet.

Other data analyzed included some 5,630 spot measurements of
texture depth and data obtained from airport management on runway
usage, construction and rubber removal. Runway friction was
evaluated in relation to pavement type, texture depth, grooving,
rubber accumulation, aircraft landings and rubber removal.

The primary conclusions reached by the engineering evaluation
are listed below:

1. Rubber accumulation on runway pavements profoundly
affects surface friction. These effects have been quantified for
various pavement types and range from 1.6 to 6.9 wet Mu value
decrease per unit increase in rubber accumulation rating.

2. Rubber removal improves runway surface friction
characteristics.

3. Saw-cut grooving improves runway surface friction. The
friction enhancement due to grooving is greater in areas of rubber
accumulation than in uncontaminated areas for most pavement types.

4. For low-use runways, a reasonable basis for comparing and
ranking the surface friction characteristics of various pavement
types is provided by mean wet Mu values for uncontaminated areas.
(See Table 4 and Figure 9, pp. 17 and 18.)

5. For high-use runways, guidelines have been developed for
rubber removal frequency dependent on pavement type and annual
landings. (See Figure 19, p. 38.) These guidelines can be used
in projecting and comparing annual costs of runway construction,
resurfacing or pavement treatment alternatives, as well as in
guiding maintenance of existing runways.

6. The Airport Survey Reports produced for each of the 268
airports after each testing provided timely input for airport
maintenance purposes.

7. The purpose and objectives of the National Runway
Friction Measurement Program were achieved. Mu-Meter measurements
and Pavement Condition Survey data obtained in this program have
yielded a rational and useful analysis of runway friction.

8. The Mu-Meter is a rapid and effective device for
measuring surface friction when operated in accordance with the
manufacturer's instructions.
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9. A Mu value of 50 or greater has long been generally
accepted as providing adequate runway friction under most
operating conditions. This program did not disclose data to
support any other value. It must be understood that as friction
decreases the relative safety decreases, but it is gradual and
time-related, that is, when the Mu value decreases from 50 to 49

the pavement does not go from totally adequate to totally
inadequate.

The following are selected recommendations resulting from the
program:

1, Pavement types having high surface friction, as identified
in Figure 9, should be considered in the planning and design of
rew runway surfaces, particularly for low-use runways.

2. The guidelines for rubber removal frequency, as contained
tn Figure 19, should be used in planning and design of new runway
surfaces and as a maintenance guideline, for high-use runways.
Specific scheduling of rubber removal for an existing runway
should ultimately be based on direct observation of rubber
accumulation and measurement of surface friction.

3. The rating system used in this program for rubber
accumulation should be formalized and promulgated for use by
airport maintenance personnel.

Additional conclusions and recommendations may be found on
pages 49-52,

The draft final report was reviewed by representatives of
various segments of the aviation community. The comments from
this group were incorporated to the extent possible. As might be
expected, due to the diverse interest of this group, there was not
unanimity on all matters on which comments were received.
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1. INTRODUCT IDN

] 1... OBJECTIVES

Tne Federal Aviation Administration contracted with the firr
) oL E. A. Hickok and Associates to pertorm the National Runway

. Friction Measurement Program as described in Contract Nc.

: DOT-FAT8WA-4242 aated September 29, 197&.

The purvose of the procram was tc provide & data base ans st
analysis to assist the Federa. Aviation administration 1
C engineering criteria in Advisory C:rculer

0~1x, anad tc develop furtner guidance mate:iais t¢ 1nsure
ign and maintenance of non-slippery pavement surfaces a-
States airports. The specific ob-tectives of the proaran
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7 1. Updare, expand and disseminate improved guidance mater.ia.
contained in Advisory Circular 150/5320-12 on runway ir:ction and
related alrport safety items.

2. Provide airport managers with timelv inpur for fisca.
proarams.

3. Increase effectiveness of the Airport Deveiopment Aic
Program (ADAP) by identifying the airport pavement construction
methods most effective irn providing good friction characteristics.

4. FEnhance safety by reducing hyaroplaning and improving run-
wav Lriction characteristics by development 09I recommendations orv
improved maintenance and maintenance monitoring practices,

Thne prouram consisted of twe phases. The specific purnoses o
Prnasc 1 were to develop survev procequres anc evaiuvate the perfor-
mance of the specified eguipment. Tne results of Phase I are con-
tained in the National Runway Frictior Measurement Prograr Phase -
Summary Report, dated June 26, 1979.

1.2 SCOPE OF WORK

Trne= project included runway frictior measurements and eva-
luatior of pavement surface conditions or 491 runways at 268 air-
ports that have at least one ILS runway serving scheduled turbo-jet
¢oerations throughout the 48 contiquous United States. Tabie -
i1sts the number of alrports, runwavs and surveys in total and by
Ye 100,




—

TABLE 1. SCOPE OF WORK

Region Airports Runways Surveys
Central 19 39 118
Eastern 32 62 180
Great Lakes 49 104 298
New England 10 18 48
Northwestern 15 22 61
Rocky Mountain 28 45 118
Southern 56 95 297
Southwestern 33 65 185
Western _26 _41 113
Total 268 491 1,418

This report reviews the program and provides conclusions and
makes recommendations based upon statistical analyses of the data
and accumulated field experience.
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2, DISCUSSION

2.1 SCHEDULE AND TRAINING
2.1.1 Schedule

The date and location for each survey conducted throughout the
program are listed in Appendix A. Most airports were surveyed
three times, with consecutive surveys at least 60 days apart. The
voluntary participation of each airport made it possible to
collect an extensive data base.

2.1.2 Team Member Rotation

The planned work cycle consisted of 21 consecutive work days
followed by 9 consecutive days off. Normally, one team member
returned to the same truck while the other rotated to a different
truck and equipment at the beginning of each 21-day tour. Rotation
was useful for keeping survey procedures consistent throughout
the program.

2.1.3 Training

On May 7-11, 1979, a comprehensive classroom and field
training course was conducted at Dulles International Airport in
Washington, D.C. Engineers, scientists and engineering
technicians were trained in Mu-Meter operation and maintenance,
and pavement evaluation parameters. Subsequent training meetings
were held bimonthly to provide continuing instruction and quality ‘
control. On-the-job training was also provided by qualitfied, !
trained team members and visiting quality control personnel.

2.2 EQUIPMENT

2.2.1 Tow Vehicles

Supercab pick-up trucks were used as tow vehicles. The
vehicles were equipped with a 60 amp alternator, heavy duty bat-
teries, automatic speed control, a rotating beacon, exterior flood
lights, a ground control radio with exterior speakers, a 340 gailon
water tank, and other water pumping equipment. A tow vehicle is
shown in Figure 1.

2.2.2 Friction Test Equipment

A Mu-Meter with a MK 3 recorder was the device used for
measuring pavement side-force friction. Attached to the triangular
frame were two side wheels, which measured friction, and one back
wheel, which measured distance and drove the strip chart. A close-
up of the Mu-Meter is shown in Figure 2.
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#IGURE 2. MU-METER

When in test position, the two friction measuring wheels were
set at a nominal included angle of 15 degrees {(71o degrees each
wheel). The Mu-Meter measured the side slip force on these two
wueels, which is directly proportional to the friction between tne
neasuring tires and the pavement surface. The Mu-Meter measures
~1e force perpendictlar to the direction of travel and is
therefore insensitive to variations in bearing friction and
rnlling resistance. Because it 1s towed, it will self-alien and
equalize the forces on both wheels. The Mu-Meter was equipped
~#ith a self-watering system, which distributed a controlled water
iepth of 1.0 mm (0.04 in.) in front of each friction measuring
Jheel.

An automatic printout unit mounted inside the tow vehicle zro-
vided a display of the data coming from the Mu-Meter. This device
~alculated the average friction for each 500 feet traversed.
iisplayed it visually and printed a tape for the permanent reccrd.
The automatic printout unit is shown in Figure 3.

“adiant temperature thermometers were used to determine the
ocavement surface temperature for each friction run.

S
2

.2.3 Pavement Condition Survey Equipment

A Transwave distance measuring computer was used to measure
~.nway location. The computer and display were mounted in the
7enicle cab, as shown in Figure 3. The Transwave was equipped witn
3 39 register memory which allowed rubber accumulation values at \
{ifferent locations along the runway to be stored for later recall. !
i dictaphone was also used to record pavement conditions. !

The spot tests requiring special equipment were the transverse |
31lope measurements, the NASA grease smear test, and the photographs

5




FIGURE 3., AUTOMATIC PRINTOUT UNIT AND TRANSWAVE

ot the pavement surface. Transverse slope measurements were taken
with the Fawley Slope Bar. The slope bar was a 4-foot level with a
cam mounted on one end to vary the vertical distance from that end
of the level to the runway. The cam was calibrated to read
percent transverse slope directly. This is shown in Figure 4.
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FIGURE 4. FAWLEY SLOPE BAR
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Apparatus for the NASA Grease Smear test is shown in Figure 5.
A selected volume of grease was smeared with the squeegee onto a
4-inch wide section of pavement delineated with masking tape. The
volume divided by the area of the grease smear equals the average
texture depth in inches.

FIGURZ 5. NASA GREASE SMEAR TEST

Photographs of the pavement surface were taken with two 35 mm
? cameras. They were mounted on a metal frame at an angle so that
the photographs could be viewed with a stereoscope. Electronic
flashes were used as a light source. Figure 6 shows the stereo
camera fixture.

2.2.4 Data Entry Equipment

A portable terminal, which could access the computer through
any common telephone, was used by the survey team to transmit and
receive data and messages. Figure 7 shows the portable terminal
in use by a survey team member. Two-wheel travel trailers were

, used as field offices and security storage space. A trailer is
’ shown in Figure 8.

2.3 FIELD PROCEDURES

2.3.1 Introduction

The data gathering procedures were divided into two cate-
gories, friction measurements and airport inventory. Apart from

7
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TABLE 2. (cont.;)

Texture measurements

Groove dimensions (spacing, width, depth)
Xubber accumulation

Mu-Values -~ dry and wet

Stereo photographs

TABLE 3. AIRPORT INVENTORY DATA PARAMETERS

Alrport name
FAA Region
Alrport Designator
Key personnel - names, titles, nhone numbers
Alrport mailing address
Master Plan date
Airport Layout Plan date
Aerial photographs date
rrost depth typical for area
Runway .dentification
RWinway utilization
Landings by aircratt type
" r oJach Runwavy:
Length
vicd<ch
“levat:on
Lrftective dgraagient
JesiLgn Transverse sicpe
Dace Oof most recent paincing
Marking type
raint type and coruiition aiong centerine
irooving date

Origilnal construction - .jate, material,
“inish, .enjgth and .ocat:ion
sSupnsequent add.tions and overlilays - date,

mater:ai, -Zinish, .ength and .ocation
Seal toatina date
Jesigyn alrcrart, wetunr and landing gear
30il classiiication
Drainage condition
Rubber removal - date, nethod
Blast pads or disniaced thresholds location
and length
®revious friction measurements - date, results,
source

Pavement tests, soll tests, Jdates
Xnown pavement deficiencies:

Rutting

Shoving due to traffic

Faulting of slabs

©xcessive cracking

“rost bumps during winter

ongitudinal grade :hange

Transverse grade change

Poor drainage
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TABLE 3., (cont.:

Loss of crown
Groove closing
Surface wear
Rubber accumulation
Other

Accident History:
Date
Runway
Equipment involved

The primary purpose of the data gathering process was the
collection of pavement surface friction measurements. All other
procedures were utilized to provide data for correlation with the
friction measurements. The field procedures fell into the
following general tasks, listed in chronological order:

1. Airport Contact Meeting

2. Airport Inventory

3, Mu-Meter Friction Tests

4. Pavement Condition Survey

5. Data Evaluation

The tasks are explained 1in greater detail in the following section. ]

2.3.z Airport Contact Meeting i

Before initial testing at an airport, the contractor
corresponded with airport management to introduce the program anc
) coordinate scheduling. The survey team held a contact meeting witr
airport staff before each survey tc set up a testinc schedule anc
collect airport inventory data.

2.5.3 Airport Inventory

The airport inventory consisted of engineering data,
construction history and operations data for each runway tected.
Engineering data included design aircraft, design transverse
slope, effective gradient, soil classification, etc. During eackh
survey, changes since the previous survey, such as a runwav exten-
si1on or surface treatment, were added te tne alrport 1nventory,

2.3.4 Mu-Meter Friction Tests

Prior to measurements at eact ai1rport, survey teams performea
¢ functional check on the Mu-Meter 1 accordance with the
manufacturer's 1nstructions. At tre startinc encé of the runway,
the Mu-Meter measuring wheels werc ,ut In test pos:tion and the
tow vel.icle was alitgnecd ter teet to trne right ot the runway
centerline. The drv frictiorn survey was started after obtaining
clearance fromr around contrel.  Tre tow vehilcle was brought up to

i
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passes respectively. Survey team nembers also cnecked tnat the
strip chart profiie was similar tor ail wasses. It a runway fo.
outside these gquidélines 1t was further 1nvestigared, and if
necessary retested. Pavement changes, measurement variability arnu
climatic conditions affecting the limits of acceptability are
turther discussed 1n Section 2.6.5.2.

If a runway fell within the limits of acceptability, the data
were recorded on computer entry forms. It was then entered into the
computer and checked with a computer program.

2.4 QUALITY CONTROL

The quality control aspect of the National Runway Friction
Measurement Program was designed to 1nsure consistency and accuracy
of data. Quality contro! was divided into two major tasks. Tne
T1rst was to lnsure consistency in survey team procedures and
quantitative judgements. The second task was tc lnsure accuracy
in trans.errlng raw data to computer files, forms, and revorcs

To 1nsure consistency in survey team procedures and dJuarl.-
Titative judgements, a Qualityv Control Manual was developea. Tnie
auallity control team included senior members of the contracting
tirm who were familiar with all phases of field operations.

Quality control personnel periodically Jolned survey teams 1in
the field to evaluate team performance. Their function was t<
observe and evaluate the field team rather than participate in the
work. After each visit, thev filled out a Quality Contro.
Checklist and wrote a short summary of the evaluation, giving
recommenaations for i1mprovements where needed. Team/offi1ce
meetings 2350 helped to 1nsure consistency :r. survey procedures.
Team mempers compared pavement c¢onalivion ratines of pnotograpns and
giscussed procedures wit:. ear other and office personnel.

Tue second quality contro. task was to 1nsure accuracy iv
transferrinc raw data to compute: (iles, LOrms. andg rewvoris, Wiies
s survey team finlsned gatherinc azuz &t an alrport, the data weve
entered 1nte 2 computey tils. 4 visu®. check was made of the rawe
data, the comnuter entrv codince forms, anc the airport computer
fi1ie. The last step of data entrv Lor the survey team was to cor-
puter check the data file for entryv errors and data acceptabilitwy.

When the survey team completed each airport data file, the
home office received ani evaluated the data. A computer program
used the airport data file to generate an airport survey report.
The computer-generated survey report was checked against the data
entry forms, and Mu values were checked against the Mu-Meter strip
chart.

When the computer file was correct, a second program was used
to compare the first and second survey airport data. Survey teams
usecd these forms as background information to be verified by the
airpor+ staff. Throughout this process any errors which were found
wore corrected. Finally, the home office transferred the data into
the data base,

13




2.5 COMPUTER CPERATIONS

A large comuruter capabllity was requlred for tast and sco.rate

storing, sorting, 2rocessing and retrieving of the wore =han
650,000 individua. data items which were Coltected dur:ng “he
drogram. The ompiters served tevera. ~'Inctions: g sneed
sommunicacicen, fatn access, orror checxing, and sHatIstlon. e lUe s
The Dive -t cocass Jompus "¢ Hime—2Raring rnOTWOrg evy o e

McDennel i Zougi s saromation Company CMcAuto) were used Uor 2
~cess and communicarions, T™ese services are bases an o vl

TH oocompucer tef o toa s gk aani e aoeesa, The diinruere:

Cemaseara T T may S ey e wne R ec Toe she s b

< + iy e

e ICmE Lt lon el £ach alrport survey The team coded and

ntered Zhe collautad data iasing the oortable computer termina..
Tata e2ntryv forms sided the survev team in oraganization an? forma
2f =he data incn 2  uical unit, *the airport <computer tile .
11rport computsr 1le was named with the c¢orresopondinc alrior:
‘esignator.  The pesclts of che airrcort survevs were Thus
‘mmedlately aval . atte foy exanination ard srecessinag oo omrh
Jontrachtay ana A lecnnical Officer.

Z.53.3 iirport Survey Reports

A standard Alrpcort Survey Report cresented the data of tne
friction measurements, the pavement condition survey and the spot
tests for each runway with an evaluation and discussion of the
data. A computer zrogram used the airport ccaputer file to
generate the data in table format and evaluated the data according
“o standards 1in the FAA Advisory Circular 150/5320-12. A sample
Airport Survey Report is shown in Appendix C.

2.5.4 Statistical Analysis

To organize the data, a data base was developed using System
2000 on a CDC Cyber computer. The data base structure was based on
the logical groupings of data into Region, Airport, Runway, and Test
with data for each of the units relatable to each oreceeding unit.

Statistical analyses of the parameters involved in the charac-
terization of runway friction were performed using SPSS. SPSS is a
nationally vended computerized statistical package selected for its
capability of analyzing extensive data sets with a large number of
variables. All analyses were performed using the most current
algorithms for maximum processing efficiency.

14
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2.6 ENGINEERING EVALUATION g

2.6.1 Data and Methods of Analysis

From November 1978 through August 1980 surface friction
measurements and a variety of other data were obtained at 268
airports on 491 runways. Each runway was tested on three
different occasions (in a few instances, two or four occasions),
with successive test dates separated by at least 60 days. See
Appendix A - National Runway Friction Measurement Program Survey
Dates. This program produced a huge volume of data, including
replicate friction measurements of the entire length of every
scheduled turbo-jet runway in the 48 contiquous United States.

From a statistical standpoint, these data represent not a sampling,
but en masse measurement of the whole runway population of interest.
To have such extensive data for predictive analysis is very rare.

PP TN

After each testing at an airport, a report of the results was ,
produced and submitted to the FAA, who in turn forwarded a copy to :
the airport management. See Appendix C - Sample Airport Survey 1
Report. These reports provided rapid feedback to the airport
management. Going beyond this short-term use of the data
obtained, the following engineering evaluation considers the data
as a whole and interprets the data through statistical and 1
analytical means.

The greater portion of the data consists of Mu values and
other pavement measurements averaged over 500-foot long runway
segments. Including all runways and test dates, the data base
contains over 42,000 such segments. Apart from surface friction
data, each segment is characterized by pavement material and 4
finish, presence or absence of grooving, groove condition, rubber
accumulation and several other conditions (see Table 2).
Statistical analysis of segment data was confined to some 29,000
uniform segments, defined as those segments (1) having at least
490 feet of the same pavement material, finish and presence or
absence of grooving, (2) having no paint markings, ruts,
depressions or contaminants other than rubber, and (3) located at '
least 200 feet from the runway end, thereby excluding acceleration Y
and deceleration zones. Characteristics of these 29,000 uniform
segments are found in Appendix D. Other data analyzed included
some 5,630 spot measurements of texture depth (NASA grease smear
test) and data obtained from airport management on runway usage,
construction and rubber removal.

T.F SRS SR ek S

R

The data analysis was performed with a standard, computerized
statistical package (SPSS). The primary methods employed were
multiple regression and correlation. The analysis was guided by
continual inspection of graphed data and of summary statistics, as
well as by the considerable first-hand field experience derived
from the program. Residual analysis was employed in reviewing the
outcome of regression runs and led to identification of unigque
circumstances, thereby allowing verification of the data prior to
drawing general conclusions. A more detailed description of the
data used in each analysis is included in Appendix E.

15
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TABLE 5. MEAN TEXTUKE DEPTH FOR VARIOUS PAVEMENT TYPES

Mean Texture Depth

Pavement Type inches x .00l
Saw-Cut
Ungrooved Grooved

Asphalt, Porous Friction Course 48.5
Asphalt, Rubberized Chip Seal 39.9
Asphalt, Worn 35.0 24.7
Asphalt, Macrotexture 27.7 23.3
Asphalt, Chip Seal 24.7
Concrete, Wire Tined 22,2 20.9
Asphalt, Mixed Texture 19.3 15.9
Asphalt, Slurry Seal 19.0
Concrete, Wire Combed 18.0

i Concrete, Macrotexture 16.5 12.0
Concrete, Broomed or Brushed 14.5 10.5
Asphalt, Microtexture 14.2 12.7

Y Concrete, Burlap Dragged 13.9 11.9
Concrete, Worn 12.8 12.8
Asphalt, New 12,5 15.3
Concrete, Float Grooved 12.5
Concrete, Microtexture 12.4 11.0

NOTE: Data include all center spots (traffic area) with no
rubber accumulation. See Appendix E.
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The 16 ungrooved pavement types (excluding all saw-cut
grooving and also float grooved concrete) are shown ranked by
texture in Figure 10 - Ranking of Pavement Types by Mean Texture
Depth. The similarity in pavement type ranking shown by Figures
Y and 10 confirms that surface friction and texture depth are
closely related. This relationship was further investigated.

Figure 11 - Relationships of Wet Mu Value with Texture Depth
for Ungrooved Pavements, exhibits regression lines for surface
friction as a function of texture depth. "Spot" friction values
for each texture depth location were read directly from the
Mu-Meter strip chart for this analysis. Pavement areas with
traffic but no rubber accumulation are considered. The two curves
in the figure for asphalt and concrete pavements reflect that
texture is indeed a fundamental determinant of surface friction.

2.6.2.3 Texture Wear and Weathering - Visual and photographic
observations formed the basis for classifying pavement types
during the course of the program, and analysis afterwards

. confirmed that pavement age (i.e., time since construction or

: resurfacing, whichever was later) corresponds in the expected

| manner with pavement type. Moreover, the indication is that

| texture depth increases with pavement age. This can be explained

» by the increasing exposure of rough aggregate surfaces as pavement

‘ matrix weathers or is worn away.

The relationship of texture to pavement age appears to be a
complex function in which the rate of change in texture increases
with the pavement age., For asphalt ungrooved pavement surfaces in
traffic areas with no rubber, the annual rate of change varies ;
from less than 0.4 thousandths during the first year to more than i
four thousandths after 10 years. Data on concrete pavement age
were insufficient for similar analysis, but it appears that
texture of concrete pavements also increases with age, though at a
slower rate than for asphalt.

Comparison of the above results with a similar analysis for
nontraffic areas reveals that weathering, rather than pavement
wear, 1is the primary cause of texture increase, at least for
asphalt pavements. This conclusion rests on the fact that
traffic and nontraffic pavement areas show essentially the same
] rate of texture increase. (Resulting nontraffic rate is slightly
lower, as might be expected, but not statistically different.)

The above analysis excluded porous friction course and
pavements with special seals. It was observed that some pavements
which were originally finished with extremely coarse texture have
weathered to a condition of lesser texture.

2.6.2.4 Summary of Pavement Evaluation - The mean surface
friction values given in Table 4 for nonrubber areas, imply the
ranking of 28 pavement types displayed in Figure 9. This ranking
is based on surface friction alone; choice of a runway pavement
type depends upon several important considerations. Pavement
grooving and rubber accumulation have pronounced effects on
surface friction as will be further discussed below. Texture
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depth 1s a fundamental determinant of surface friction.
Interestingly, weathering of typical pavements causes texture
depth to Increase; the rate of change in texture increases with
pavement age.

£.6.3 Evaluation of Pavement Grooving

2.6.3.1 General Effects of Grooving - The primary purpose of
grooving 1is to provide improved drainage at the tire-pavement
intertace to reduce the potential for hydroplaning. In addition,
it improves the friction characteristics of the pavement surface.

NASA tests on grooved pavements indicated that grooves spaced
on the order of one inch could achieve this objective. FAA
recommends the llg-inch groove spacing as the optimum practical
standard consistent with these findings.

Since pavement texture 1s fundamentally related to surface
friction, it 1s not surprising that techniques aimed at 1ncreasing
the macro-scale texture of pavement are successful at increasing
surface friction. Such technigques include plastic texturing of
concrete pavements, surface treatment of asphalt pavements and saw-
cut grooving of roth asphalt and concrete pavements. This analysis
focuses on saw-cut grooving, which includes 11 pavement types.

The fact that grooving enhances surtace friction of runway
pavements 1is evident from inspection of Table 4 - Mean Wet Mu
Values for Pavement Types, discussed in Section 2.6.2... Z&
different view is afforded by Figure 12 - Example of Effect of
Saw-Cut Grooving on Runway Surface Friction, which shows data for
a specific runway. As the figure shows, grooving enhances surface
friction throughout the runway length.

Figure 13 - Comparison of Wet Mu Values for Saw-Cut Grooved
with Ungrooved Pavement, exhibits previously presented data in e
manner which emphasizes the effects of grooving on surface
friction. Pavement types are ranked in Part A of the figure
according to mean wet Mu value in areas without rubber
accumulation for the grooved types. Mean values for corresponding
ungrooved types are shown for comparison. Part B of Figure 13
shows a similar comparison for areas with 30 percent rubber
accumulation, as determined by regression analysis described in
Section 2.6.4.1. (Note that 30 percent rubber accumulation means
a level of accumulation which obliterates 30 percent of the
pavement texture.) Figure 13 illustrates that saw-cut grooving
generally enhances surface friction in uncontaminated areas, while
in areas of rubber accumulation the increase in friction due to
grooving is more pronounced.

2.6.3.2 Effect of Groove Spacing - The effect on surface triction
of groove spacing was investigated by multiple regression.
Measured groove spacings were sorted into classes corresponding to
class-means of 1.25%, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75 and 3.0
inches. 1Tt was found for various grooved pavement types that a
one-inch difference in groove spacing corresponds typically to a
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five-wet Mu value difference in friction (with typical standard
error one wet Mu value per inch). The regression results indicate
that, within the range of spacings encountered, surface friction
increases as gqroove spacina decreases. That 1s, the enhancement
of friction is greater for narrower spacing. At the other
extreme, very little friction enhancement results with the widest
groove spacings.

It is therefore desirable from the standpoint of friction to
use smaller saw-cut groove spacings. The standard groove spacing
of 1% inches center to center is indicated as best in the range
encountered in the program.

2.6.3.3 Effect of Groove Deterioration - Groove deterioration was

also concidered in the multiple regression analysis. The deterioration
of gqrooving iz represented in a scale from zero (good condition,
uniform depth across runway) to nine (essentially ineffective).

For example, a groove deterioration of three means from 30 to 39
percent ineffective, due to being filled or missing or poorly built.

Based on the ahove rating scale, the regression results for
saw-cut grooved pavements are typically one wet Mu value decrease
in friction per unit increase in groove deterioration. The
standard error is approximately 0.5 wet Mu value per unit of
groove rating.

2.6.3.4 Groove Deterioration and Climate - There are known cases
of grooved asphalt pavements on which the grooves have closed up,
apparentlv as a result of traffic durinag high summertime

temperatures. A statistical relationship for asphalt pavement.
wis therefore snught between groove deteriorat:on, as defined in
the previous sectilon, and climate, represented by frost depth anc

bv mean dailly maximum temperature for the hottest month. Multiple
rearessionn analvsis vielded no relationship for temperature anc
or.ly a weak relationship for frost deptt.

2.6.3.7 Summary of Grooving Evaluatior - Saw-cut grooving of
runway pavements has a definite, positive effect on surface
friction, as can bhe seer in Figure 13. Grooving enhances friction
in areas of rubber accumulation to a areater degree than irn areas
with no rubber. The effect of groove spacing is that friction
enhancement is greater for narrower spacinc., As grooves

deteriorate in condit . on, the enhancemen*t of friction also
decreases slightly.

2.6.4 Evaluation nf Rubber Removal Effectiveneose

2.f0.4,1 Fffects of Rubber Accumulatior on Surtace Friction -

Rabber accumulat on on runway pavement profoundly affects surface
triction, as is evident from Figure 9 in Section 2.6.2.1. For a
particular runway, a graph of wet Mu value versus distance

aenerally has lowest friction values in areas of highest rubbker
accumulatinn. Figure 14 - Example of Effects of Rubber Accumulation
and Remnval on Runway Surface Friction, i1llustrates this. Figure

14 also shows that rubber removal can result in increased surface
friction, as will be further discussed below.
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lLinear relationships between surface friction and degree of
rubber accumulation were developed through multiple regression
analysis of data for the 500-foot runway segments. The analysis
cexcluded segments with no rubber accumulation, as these are the
overwhelming majority and would tend to weight the results unduly.
For individual pavement types with sufficient data for analysis,
equations were obtained of lhe following form:

M = D oM * R tettiiiisresensssnasscanssonnnsaasil)
in which
M = wet Mu value segment average;
b = intercept constant, having units of Mu values;
m = slope constant, having units of Mu values per unit »f

rubber accumulation; and

R = rubber accumulation segment average measured 1in units
from zerc (no rubber) to nine (essentially complete
obliteration of pavement texture by rubber).

The results are presented in Table 6 - Regression Constants
Relating Surface Friction to Rubber Accumulation. The constants b
and m reported in Table 6 are as appear in Equation 1. Note that
for grooved pavement types the reported constants have been
adjusted for the simultaneous influences of groove spacing and
groove condition, and the intercept b reflects the mean values
(for each such pavement type) of groove spacing and condition.

An important observation from Table 6 is that the slope m for
saw—-cut grooved pavements 1s generally on the order of one-half
the corresponding slope for ungroove?l pavements. (The only
exception to this is new asphalt, which has a relatively small
data set when restricted, as in this analysis, to 500-foot
segments with significant rubber accumulation.) This means that
the surface friction of saw-cut grooved pavements is less
sensitive to rubber accumulation than is the surface friction of
ungrooved pavements.

Consider for example microtexture concrete pavement. From
Table 6 the regression slope m is 6.9 Mu value per unit of rubber
accumulation for the ungrooved pavement type, and 3.5 Mu value
jer rubber unit for saw-cut grooved. Thus the decrease in wet Mu
value for, say, a two-unit increase in rubber accumulaion is
approximately 14 for ungrooved, and 7 for saw-cut grooved,
microtexture concrete pavement.

The regression lines defined by the slopes and intercepts in
Table 6 are shown graphically in Figure 15 - Relationship of Wet
Mu %“.2lue with Rubber Accumulation for Asphalt Pavements and
Figqure 16 - Relationship of Wet Mu Value with Rubber Accumulation
for Concrete Pavements. Note that the actual ranges of rubber
values found 1n the data for each pavement type are indicated by
the solid portions of the regressiorn lines in Figures 15 and 16.
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2.6.4.2 Relationship to Aircraft Landings - It is reasonable to
expect that rubber accumulation (and hence surface friction)
should be related to the amount of use a runway receives, in terms
of aircraft landings. Many factors affect the amount of rubber
deposited on a runway during a landing, such as aircraft weight
and type, landing speed, ambient temperature, pavement surface and
tire material, loading and configuration. Since the landing speed
and wheel loadings are generally similar for the classes of
aircraft that account for most rubber deposition, rubber
accumulation is a function of the number of wheel impacts which is
in turn a function of aircraft landing weight. A simple common
denominator was needed to express these factors for comparison
with observed rates of rubber accumulation. The statistical
analyses also show that the greatest correlation is with total
landing weight for all aircraft heavier than 12,500 lbs. 1In this
report, the runway utilization parameter is "aircraft landings”,
expressed in millions of pounds per year. Lighter aircraft are not
included as their landing speeds and wheel loadings are generally
much lower.

Numbers of landings for each aircraft type were obtained at
every airport, and airport staff provided data or estimates of the
percentage of total landings associated with each runway end. For
each runway end, then, the annual landings are computed by
multiplying the number of landings of each type of aircraft times
the maximum landing weight cf that type, and summing the results.

Relationships of various kinds were investigated, and it was
found that different sorts of relationships best described runways
which had never been subjected to rubber removal versus those
which had.

Inspection of aircraft landings data sorted in rank order
revealed that runway ends with landings less than 250 million lb/yr
rarely have significant rubber accumulation. This is an important
observation, as it indicates that certain factors must tend to
remove or dedgrade rubber on runways; for otherwise even low usage
runways would eventually accumulate rubber. Factors tending to
remove or degrade rubber may include weathering, sunlight,
microbial activity, snow removal activities (plowing, scraping
and sanding) and sweeping.

Another observation is that very few runways with no record
of rubber removal have aircraft landings greater than 5,000
million 1lb/yr. Further analysis of "never cleaned" runways
revealed that rubber accumulation on such runways can be more
accurately related to annual aircraft landings than to cumulative
landings since the pavement surface was newly finished. This
suggests that on these "never cleaned" (i.e., lower use) runways a
steady state develops between rubber deposition and those
factors tending to remove or degrade rubber.

The relationship to annual landings is shown in Figure 17 -
Relationship of Average Rubber (2,000-foot) to Annual Landings
for Runways Never Cleaned. To develop these relationships, only
those runway ends with landings greater than 250 million 1lb/yr
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were analyzed. All pavement types have similar rubber
accumulation at low usage rates (approximately 1,000 million 1lb/yr
and less)., The pavement types accumulate rubber differently,
however, at usage rates above 1,000 million lb/vr. 1In this higher
range, for a given rat~ of annual landings, asphalt runways
denerally have more ru .oer than concrete runways, and ungrooved
runways have more rubber than grooved runways.

The measure of rubber accumulation used in the above analysis
is a computed 2,000-foot average value. It is defined for each
runway end as the area under the graph of rubber rating (on the
zero to nine scale) versus distance, divided by 2,000 feet. The
2,000-foot distance is typical of the zone of rubber accumulation
on runway ends. The average defined in this way allows valid

comparison between different runways of the total accumulation of
rubber.

The relationship between 2,000-foot average rubber and
maximum 500-foot segment rubber is

Ravg = -0.22 + 0.73Rmax ..... LRI N S SO S A N ) (2)
in which
Ravg = 2,000~-foot average rubber rating for runway end;

and

Rmax maximum 500-foot segment rubber rating on runway end.
For "never cleaned" runways, the statistical analysis achieved
better results using average rubber rather than maximum rubber.
However, maximum rubber is the more meaningful parameter, as it

is the basis for prediction of the minimum 500-foot segment wet Mu
value.

2.6.4.3 Effectiveness of Rubber Removal - Approximately 19
percent of all runways tested in the program had rubber removal
during the program or within one year prior to initial testing.
The cleaning method was in nearly all cases high pressure water.
There were no instances of rubber removal on porous friction
courses, chip seals or slurry seals during the program. It was
usual to observe rubber accumulation on runways previously
cleaned. In most cases some weeks or months had elapsed between
the cleaning and the observation.

Runways having rubber removal include those with the highest
usage rates. In terms of annual aircraft landings, a few runways
exceed 15,000 million lb/yr. At the other extreme, approximately
30 percent of runways with rubber removal have annual landings
below 1,000 million lb/yr.

In contrast to runways which d4id not have rubber removal,
rubber accumulation on cleaned runways was more accurately related
to cumulative landings since rubber removal than to annual
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landings. The relationship is illustrated in Figure 18 -
Relationship of Maximum Rubber (500-foot segment) to Cumulative
Landings Since Rubber Removal.

The regression lines in the figure correspond to equations of
the following form:

Rpax = C+ K * L tiieiiiteennneranennesnsnss (3)
in which

Rpax = magimum 500-foot segment rubber rating on runway
end;

c = intercept constant, having units of rubber
accumulation rating;

k = slope constant, having units of rubber rating per
million lb of aircraft landings; and

L = cumulative aircraft landings on runway end, in
million 1lb.

Table 7 - Regression Constants Relating Rubber Accumulation to
Cumulative Landings Since Rubber Removal, presents the results of
the regression analysis for Equation 3.

TABLE 7. REGRESSION CONSTANTS RELATING
RUBBER ACCUMULATION TO CUMULATIVE LANDINGS
SINCE RUBBER REMOVAL

Pavement Class Intercept c Slope k Standard Error of k
Asphalt 2.6 0.0012 + 0.0006
Asphalt, 2.5 0.00034 + 0.00013
Saw-Cut Grooved

Concrete 1.9 0.00098 + 0.00019
Concrete, 2.4 0.00059 + 0.00008

Saw-Cut Grooved

The intercept constants in Table 7 provide a simple and direct
measure of the effectiveness of rubber removal. The intercept
constants are approximately 2-2.5, representing rubber accumulation
to the degree that one-fourth of the pavement texture is filled or
obliterated. This is a statistically derived estimate of the
maximum 500~foot segment rubber rating to be found on a runway
immediately after rubber removal. Since rubber removal decreases
maximum rubber, the minimum wet Mu value is therefore increased.

The slope constants indicate the rate of rubber accumulation
for each broad pavement classification. Note that the number of
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cleaned runways was not large enough to allow a more detailed
breakdown of pavement types for this analysis.

The slopes for ungrooved asphalt and ungrooved concrete are
similar and indicate that an increase in cumulative landings of
approximately 1,000 million 1lb causes a unit increase in the
maximum rubber rating. The cumulative landings per unit rubber
increase are roughly twice the above for grooved concrete and
three times the above for grooved asphalt,

Thus grooved pavements accumulate less rubber for a given
amount of usage than ungrooved pavements. This result may seem
surprising, as casual observation of high rubber accumulation on
grooved runways could easily lead one to the opposite conclusion.
The paradox can be resolved by realizing that grooved runways tend
to be runways with higher usage; the higher usage apparently more
than compensates for the lower accumulation rates.

Note that in this analysis of cleaned runways, equally good
statistical relationships were obtained for maximum rubber (Rpsx)
and average rubber (R;yq). The results for maximum rubber are
presented because they are more meaningful, in that they relate
directly to minimum wet Mu values.

2.6.4.4 Guidelines for Rubber Removal Frequency - A useful
summary of the relationships developed above for wet Mu value,
rubber accumulation and aircraft landings is presented in Figure
19 - Rubber Removal Frequency for Various Pavement Types.

A joint FAA-USAF-NASA Runway Research Program was conducted
from 1971 to 1974. Several turbo-jet aircraft and various
triction measuring devices were tested on pavements with a wide
range of slippery conditions., Based on these test results, a
Mu value of 50 was selected as generally providing adequate
runway surface friction.

Discussions with airport personnel confirm that a recommended
minimur wet Mu value of 50 is reasonable to produce and provides
adequate runway surface friction under most conditions. The
recommended wet Mu value of 50 for the minimum 500-foot runway
segment, as further discussed in Section 2.7, is assumed as the
basis for Figure 19. The graph 1is not applicable to runways with
low usage.

To use the fiqure for a given vunway end, the annual aircraft
landings in million lb/yr must first be known or estimated.
(Refer to Section 2.6.4.2, second paragraph, for the procedure.)
The corresponding rubber removal frequency can then be read
directly from the appropriate curve. Sixteen out of the total of
28 distinguished pavement types have sufficient data to be
represented in Figure 19. Certain curves depict more than one
pavement type for which results are closely similar.

Figure 19 can be used to analyze surface treatment,
resurfacing or construction alternatives for a runway which has or
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15 expected to have hiagh use, Alternatives might, tor examplee,
include saw-cut arooving the existing pavement, resgrfacing wiltr
f1fterent materi1al, resurfacing with the same material,
resurfacing and grooving, or all new constriction of varliouc
tvoes. The capital cost of each alternitive must te converted to
an annual cost "asis; to this 1s added -he annual cost Hf ruhhber
removal for each alternative, hased on the required frequency from
Figure 19, In this way, the total annual rost »f 3lternatives can
he compared directly and conveniently.

Figure 19 can a's0 be .used as a quideline 1n detinina o
speclfic maintenance croaram tor a partilcular runwav, hut the
figure should not nhe 1sed alone For this purpose, Nue v O
pecullarities of pavement conctruction, mareri1al and other {factor:
which are not accounted for in the statistical analveis,
individual runwavs will deviate from the curves shown 1n the
*lgqure. The figure mav be thought of as indicating *he reguired
rabber removal frequency for the "average pavement" ot «ach type.
Maintenance of a particular runway should Jltimatelv ne nhased
upon direct ohservation of rubber accumula‘ion and measurement of
surface friction.

2.6.5 Other Factors Related to Friction

2.6.5.1 Pavement Related Factors - On each runway tested,

onservations ot vavement condition included ratings for structural

d13tress and for ioint or crack condition. These ratinas were

ia2raged for each 500-foot runway segment in the came manner as

e rubber accumulation data, and the averaige values were 1ncluded
initial multiple regression analyses.

It was found *hat ranway friction measurement 1s not strongly
related to vavement structural distress or to conditinn »f ~oints
Nr o Ccrac<s, nowever, 1o eovaluation of these factors as related to
operatinnal problems were made. This is not really a surprising
result, ar even severe atructural distress (pavement cracxing) and
Toint or crack condition ‘wide openings, not filled) 1mpl. a
rlarively smail fractional loss of surface area. Incidentally, a
strona statistical relationship does exist between structural
41 3tress and 1nint or crack condition, This also is not
nrorising, Sut nelrther 19 1t very important to the consideration
vorunway friction,

Ruts and depres<sinns on runwaysS were also observed and
1aantifi1ed to identify possible areas of hydroplaning. Due to the
nature nf the testing during this program, hydroplaning due to
vontina would not nccur.  Testing was not conducted under actual
rainfall conditions since this would have introduced additional
narameters and variability in the data, however, such testing is
coccmmended .

2.h.%.. Measurement Related Factors - Testing precision involves
*he precision of the measuring instrument and the test techniques
emploved. The Mu-Meter was used to measure surface friction on
runway pavements in the National Runway Friction Measurement
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Progran,  Tre device has heen shown to he acecurate ance repeatable
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the Mu-Meter from the centerline during testing, Climatic
conditions also affect the mecasurement of surtface friction. These
conditions may include air, pavement and water temperatures during
testing and antecedent precipitation. These factors, as well ac
normal measurement variabillity, affected the measurement of
triction between successive tests at an alrport.

Extreme variability between successive measurements indicates
the possibillity that human error, equipment malfunction or other
unaccounted factors have resulted 1n unrepresentative readings.
For this reason, limits of acceptability were formulated for
differences between successive measurements. See Section 2.3.6.
These limits were used in the field for screening out unrepresentative
data. 1In these cases, retesting was performed to eliminate human
error and equipment malfunction. Approximately one percent of the
50U-foot segment data fell outside the limits of acceptakility for
unaccounted factors. Note that the test precision, limits of
acceptability of data and maintenance tolerances, while related,
are actually different considerations. It is important to note
that limits of acceptability are only applicable to the National
Runway Friction Measurement Program and should not be construed as
the precision of the Mu-Meter or as maintenance tolerances.

Certain measurement related factors have been successfully
accounted for by statistical analysis. These factors arec
calibration reading, water temperature and pavement temperature.
Briefly, the findings are as follows:

{1y To correct for the deviation of the calibration readinc
from the reference Mu value of 77, multiply the deviation
{which 1s in the range -3 to +3) times 0.25 and subtract tte
result from the raw Mu data.

(2) The effect of water temperature 1is tc decrease wet Mu
values as water temperature increases, the rate of decrease
being approximately 0.5 Mu value per degree Celsius.

{3) The effect of pavement temperature 1is opposed to that of
water temperature, and there 1s approximately 0.2 Mu value
increase per degree Celsius lncrease in pavement temperature,

Mu data can be adjusted for calibration and normalized to the
reference temperature of 20°C according to the following formula:

Mer = Mpaw = 0.25Cq + 0.5T, = 0.2T, = 6.0 ..vveue.n (4)

in whict
Moy = wet Mu value adjusted for calibration and normalized 1
to the reference temperature of 20°C;
Mraw raw wet Mu value;
Cq = calibration deviation, defined as calibration

reading minus 77 Mu value;
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T, = temperature of water used in the wet friction
measurement, in degrees Celsius; and
Tp pavement temperature, degrees Celsius,

The constant term, -6.0, arises from the temperature adjustment to
20°C. Note that when both T, and T, equal 20°C, all terms in
Fquation 4 to the right of C4q total to zero.

The data in this report were not adjusted since the adjustments
are small and the various temperature and calibration values
encountered tend to cancel each other. The equation 1is only an
approximation because the data on which it is based includes many
other factors. It 1is recommended that more accurate normalization
factors be developed under controlled test conditions. The equation
may be useful for a particular runway measured repeatedly to achieve
a more precise measurement.

To sum up this discussion, a variety of extraneous factors
impinge on the measurement of surface friction with the Mu-Meter,
Certaln of these factors can be accounted for quantitatively as in
Equation 4, Mu data obtained in the program have yielded a
rational and useful analysis of runway friction and thereby have
oroved their adeguacy to the intended purpose.
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2.7 MODIFICATIONS IN ADVISORY CIRCULAR 150/5320-12

Experience during the National Runway Friction Measurcment
Program has shown that the Mu-Meter is an effective friction
measurement device embodying an excellent physical principle for
measuring runway friction. Continuous recording of measurements
allows the airport sponsor to analyze and quantify specific areas
in detail as well as the entire runway surface. Several changes
in the Mu-Meter since its conception have improved the usefulness
of the device without affecting the bhasic design principles. The
capability of automatically recording 500~-foot segments on the
strip chart used extensively during the program, is one usefu!l
change. A list of suggested further modifications for improved
ease of operation, reduction and simplification of maintenance and
improvement in data collection was transmitted to the Mu-Meter
manufacturer for consideration in future modifications.

e AL b2 12 i e i,

Throughout this program, airport sponsors were generally
aware of low surface friction when informed that a portion of
thelr runway was below the recommended minimum Mu value of 50.

Of the 491 runways tested, 122 (24.8%) had wet Mu values less than
50 on at least one 500~foot segment on their final test. However,
only 1900 (4.5%) of the 42,000 segments had wet Mu values less
than 50. Of the 122 runways with low segments, 64 runways (52.5%]
had wet Mu values less than 50 for less than 1000 feet.

The following modifications to A/C 150/5320-12 therefore
reflect a minimum Mu value of 50. The primary purpose of this
report 1s to establish simplified guidance and criteria for
airport operators to maintain runways at adeguate friction leveis,
Further investigations of actual aircraft performance will, i1 tne
future, provide additional data.

It should be ncted that throughout the program and this !
report, Mu values are multiplied by 100 and therefore range from 0 :
to 100. For use in the following recommendations for

modifications to A/C 150/5320-12, Mu values are expressed from a

range of 0.00 to 1.00. Thus, the recommended minimum value of 50

is expressed in these recommendations as 0.50.

During Phase I of the National Runway Friction Measurement
Program, an evaluation of different water depths for wet friction
measurements was accomplished. It was determined that a water
depth of 1.0 mm (0.04 inches) was needed to fill the voids of the
pavement texture. A hydrologic study (Appendix H) was performed
as part of this investigation and confirmed that the application
of 1.0 mm (0.04 inches) of water in front of the Mu-Meter friction
measuring tires would provide a better test to accomplish the
objectives of the program. A number of other studies, including
data developed by the Texas Transportation Institute, 1CAO
recommendations and literature values support this conclusion.
Also, 1.0 mm (0.04 inches) depth of water better represents ;
conditions encountered on runways during rainfall throughout the
contiguous 48 states. Experience indicates that more meaningful
\ data were collected using this water depth,




In the Advisory Circular modifications described below, the
Suggested Schedule for Friction Surveys is based on Figure 19 -
Rubber Removal Frequency for Pavement Types. All of the scheduled
turbo-jet runways would be checked at least annually.
Approximately 15 runways would need testing more than once per
month.

The following modifications are suggested as a result of the
engineering analysis as well as the extensive experience
accumulated during this program. ’

l.a. Replace existing paragraph with the following:

"Texturing Technigues for Asphaltic Concrete Pavements.
Surface textures of newly constructed asphaltic concrete pavements
are generally quite smooth. This is due to the effort required
during construction by the rolling equipment to achieve the
required compaction and density. However, several methods are
available to improve texture and surface friction in asphaltic
concrete pavements. These include saw-cut grooves, porous
friction course, chip seals and skid-resistant aggregate slurry
seals.”

l.b.(1l) Add to end of existing paragraph:

"Efforts should be made to improve the texture of plastic
grooved concrete pavements in the areas between the grooves."

it.c.(1l) Change second sentence:

"Experience has shown that uncontaminated concrete pavements
that have an average texture depth of 0.015 inches provide good
surface friction."

3.¢. Change "200 yards" to "500 feet."

Figure 2-1: A new photo with an updated self-watering system
should be used to avoid confusing new users of the equipment.

3.¢c.(1) Replace the first sentence with the following:

"Frequent checks of the Mu-Meter's functions and calibration
should be made by performing test runs with self-watering equipment
at a constant speed of 40 mph over clean, untrafficked pavement."
3.c.(4) Replace the fourth sentence with the following:

"The total flow rate of.88 gallons/minute (44 gallons/
minute on each side) is required to obtain a water depth of 0.04
inches for a tow vehicle speed of 40 mph."
3.c.(4)a. Replace the second sentence with the following:

"For consistent measurement of wet runway pavement surfaces,

it is suggested that the airport sponsor use self-watering
equipment.,"”
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3.c.(4)b. Replace second and third sentences with the following:

"It takes 150 gallons of water to test 6000 feet of runway
pavement. The weight of 150 gallons of water is 1250 pounds.”

4., Replace the existing paragraph with the following:

"MEASUREMENT PARAMETERS. Conditions which influence surface
friction characteristics of wet pavement surfaces are pavement
texture, contaminants (especially rubber accumulation) and
pavement abnormalities. The airport sponsor should evaluate each
of these conditions by the following parameters."

4.a. Delete paragraph.
4.a.(l) Delete paragraph.
4.a.(2) Delete paragraph.

4.b. Replace the existing paragraph with the following:

"Contaminants. Surface friction characteristics of runway
pavements may be significantly affected by contaminant
accumulation over a pericd of time. One of the main problems
facing the airport sponsor concerning the condition of runway
pavement surfaces is rubber accumulation. Suggested methods for
cleaning are given in Chapter 4. Other corrective action given in
Chapter 3 may be considered to improve the friction
characteristics of a contaminated runway pavement surface. The
following parameter is given to assist the airport sponsor in
making the decision on when it is necessary to remove contaminants
from the runway pavement surface."

4.b.(l) Replace existing paragraph with the following:

"When the AVERAGED MU VALUE within the contaminated area is
less than 50 for a distance of 500 feet or more, corrective action
should be performed on the entire contaminated area."

4.b.(2) Delete paragraph.

4.,b.(3) Delete paragraph.

4.c. Delete paragraph. It is recommended that an alternate
paragraph be developed.

4.c.(1) Delete paragraph,
4.4. Change section to 4.c.
4.4. Replace the third sentence with the following:
"For this reason the surface friction should be determined

under actual rainfall conditions through the surface areas subject
to ponding."
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4.d.(1) Replace first sentence with the following:

"When the AVERAGED MU VALUE within a ponded area is less than
0.50, corrective action should be taken."

4.e. Change paragraph to 4.a.
4.e. Replace paragraph as follows:

"Surface Treatment. A basic determinant of surface friction
is the texture depth of a runway pavement surface. An increase in
texture depth will produce a corresponding increase in surface
friction. Suggested methods for improving texture are given in
Chapter 3 and include saw-cut grooving, porous friction course,
chip seals, and aggregate seal coats and plastic texturing of
concrete pavements. The following parameter is given to assist
the airport sponsor in determining when corrective action is necessary.

(1) When the AVERAGED MU VALUE of the pavement is less than
50, for a distance of 500 feet or more, corrective action should
be performed on the runway pavement surface."

5.a. Replace "limits of rubber deposits" with "limits and degree
of rubber accumulation."

5.a.(1) Add the following paragraph:

"The extent and degree of rubber accumulation should be
determined in areas of rubber contamination. The degree of rubber
accumulation should be rated from zero (essentially no rubber
accumulation) to nine (essentially complete obliteration of
pavement texture by rubber). Experience has shown that visual
observations alone are insufficient for making an accurate
determination of rubber accumulation, and the pavement surface
must actually ke felt."

5.b. Replace existing paragraph with the following:

"Self-watering devices used with Mu-Meters require 300
gallons (2500 pounds) of water to cover approximately 12,000 feet
of runway. Water is carried in the tow vehicle in either flexible
or rigid tanks."

5.c. Replace the second and third sentence with the following:

"A 300-gallon system will usually allow testing of a 13,000-
foot runway because 500 feet is allowed for acceleration and
deceleration of the tow vehicle. Tests in both directions can be
performed on a 7,000-foot runway with a 300-gallon water tank."

5.d.(1l) Change "10 feet from" to "1l0 feet to the right of."
Add to existing paragraph:

"Additional test runs in rubber areas can be performed at
different distances from the centerline to determine the transverse
extent of low surface friction due to rubber."
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5.d.(2) Delete paragraph.
5.d.(3) Replace first sentence with the following:

"These test runs are used to determine the surface friction of
runway pavements."

5.d.(4) Change to 5.d.(2).
Delete last sentence.

5.d.(5) Change to 5.d.(4).
Change the third sentence from "relative loss of
friction" to "friction characteristics”.
Change "4d(1)" to "4c(l)."

5.d.(6) Change to 5.d4.(5).
Change "4c(1)" to "4b."

6.-6.d.(3) Replace entire existing section with the following:

"Data Acquisition. The strip chart provides a permanent
record of the Mu values on a particular runway surface.
Identification of significant field observations affecting the Mu
values should be made directly on the strip chart. The strip
chart obtained in subsequent surveys can then be compared by the
airport sponsor with previous test runs. The airport sponsor
should emphasize to the test personnel the importance of
conducting the survey at the same location as previous test runs,
SO proper comparisons can be made.

a. Pertinent Test Information. At the beginning of each test run
the strip chart should be identified with the following
information:

Airport Designator or Name

Runway Designation (end from which test began)
Survey Date

Survey Time (in 24 hours)

Survey Test Personnel

Water Temperature

Pavement Temperature

Type of Test (calibration, dry, wet)

N o s~

OOV WM
— N N N S S e

b. Interpretation of Data. Parameters for interpretation of data
are provided in paragraph 4."

9.b. Change the second sentence to the following:

"Water drainage and skid resistance for asphaltic concrete
pavements can be improved by addition of saw-cut grooves, a
porous friction course, addition of a chip seal or by addition of
a skid resistant aggregate slurry seal as an interim measure.

Delete the third sentence.

9.b.,(3) Change to 9.b.(4).
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Add the following section:

"9.b.(3) Chip Seal. Improvement of surface friction can be
achieved by constructing a chip seal. Some chip seals have been
constructed with an asphalt rubber mix."

Specific FAA specifications on chip seal should be added
concerning asphalt mix, size and composition of aggregate and
preparation and construction methods to be used.

13. Replace existing paragraph with the following:

"Suggested Maintenance Schedule. For any maintenance program

to succeed, ruanways should be inspected frequently. Observations
noted during visual inspections of pavement surfaces will help
determine if a friction survey is required. Runways which have Mu
values less than 0.50 on a previous test should be tested more
frequently than suggested below. Table 5-1 suggests a schedule
for friction surveys based on the annual landing weight of the
most heavily used runway. The annual landing weight may be found
by first finding the total number of annual landings of each type
of aircraft landing at an airport. The annual landings of each
type of aircraft should then be multiplied by the corresponding
maximum landing weight as given in AC 150/5325-5B. The sum of
these values will produce the annual landing weight at the
airport. The annual landing weight should then be multiplied by
the percentage of landings on the most heavily used runwa;, end.
The resulting runway end annual landing weight should be used in
Table 5-1. It 1is suggested that the airport sponsor test all
runways at the airport each time a survey is performed."

TABLE 5-1. Replace existing table with the following:

SUGGESTED SCHEDULE FOR FRICTION SURVEYS

Frequency of Friction Surveys

Runway End Porous Friction Course
Annua. Landing Weight Ungrooved Saw—-Cut Grooved
(million pounds/year) Pavements Wire Tined

Less than 1000 Annual Annual
1000-2000 6 months Annual
2000-4000 3 months Annual
4000-8000 1 month 6 months
8000 and above Monthly or 6 months

more often
as required
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3. CONCLUSIONS

3.1 PRIMARY CONCLUSIONS

1. Rubber accumulation on runway pavements profoundl:
affects surface friction. These effects have been guantified for
various pavement types and range from 1.6 to 6.9 wet Mu value
decrease per unit increase in rubber accumulation rating.

2. Rubber removal improves runway surface friction
characteristics,

3. Saw-cut grooving improves drainage and reduces
hydroplaning potential in addition to improving runway surface
friction. The friction enhancement due to grooving is greater 1in
areas of rubber accumulation than in uncontaminated areas.

4. For low-use runways, a reasonable basis for comparing and
ranking the surface friction characteristics of various pavemen:<
types is provided by mean wet Mu value; for uncontaminated areas.
(See Table 4 and Figure 9.)

5. For high-use runways, guidelines have been developed for
rubber removal frequency dependent on pavement type and annual
landings. (See Figure 19.) These guidelines can be used 1in
projecting and comparing annual costs of runway construction,
resurfacing or pavement treatment alternatives, as well as ir
guiding maintenance of existing runways.

6. The Airport Survey Reports produced for each of the 26t
airports after each testing provided timely input for airport
maintenance purposes.

7. The purpose and objectives of the National Runway
Friction Measurement Program were achieved. Mu-Meter measurements
and Pavement Condition Survey data obtained in this program have
yielded a rational and useful analysis of runway friction.

o

8. The Mu~Meter is a rapid and effective device for
measuring surface friction when operated in accordance with the
manufacturer's instructions.

9. A Mu value of 50 or greater has long been generally
accepted as providing adequate runway friction under most
operating conditions. This program did not disclose data tc
support any other value. It must be understood that as frictior
decreases the relative safety decreases, but it is gradual anc
time-related, that 1s, when the Mu value decreases from 50 tc 44
the pavement does not go from totaily adequate to totally 1nadeguate.




—

3.2 CONCLUSIONS REGARDING PAVEMENT CHARACTERISTICS

10. The ranking of pavement types on the basis of mean
texture depth closely follows the surface friction ranking.
However, measurements of friction rather than texture are a
preferable basis for planning routine runway maintenance.

11. Texture depth and rate of change in texture depth
increases with pavement age. The increase rate varies from less
than 0.4 thousandths of an inch per vear during the first year to
more than four thousandths of an inch per vear after 10 years for
asphalt pavements, and apparently somewhat lower for concrete.

3.3 CONCLUSIONS REGARDING PAVEMENT GROOVING

12. The benefits of improved drainage and enharcement of
friction due to grooving are greater for narrower groove spacing.
A one-inch difference 1n spacing causes approximately a five Mu
value difference 1n surface friction over the range from 1% to
3 inches encountered in the program.

.3. Sroove deterioration produces v small effect orn surface
fri-+rion.,

.4, The -ate ot rubler accumulatinn ~n gqrooved runways
less -han on narooved runways with *he same level of u~age.

3.4 CONCLUSICNS REGARDING RUBBER ACCTMULATION AND “EMCVAL
15. Rubhber removal reduces the maximum 500-foot runwar
seament -urher ratine to approximatrelv 2-2.5, correspondinag to

20-_.% peroont sexture onliterar:ion or filling with rubber,

6. Rubker accumulation can be related to aircraft landinas
~xpressed as *nhe summation of *otal landing weight on the runwav end.

1T, For !~w=-use runways, rabber accumulation is dependent on
annual aircraf~ landings (i.e., usfage rate) and pavement tvpe
according to the scheme:

it

Annual Landings o Rubber Accumulation
Below 250 million 1lb/vyr TEssentially zero for all pavement
rvoes
From 250 to 1,000 Jery low for all pavement types i

million lb/yr

From 1,000 to 5,000 Linearly “ependent on annual |
million 1n/vr landings, with different slopes for !
different pavements

18. “»r "igh-use runwavs 'having rubber removal), rubber
accumulation 1s linear y dependent on cumulative aircraft landings
cince ruhber removal (i.e., cumilative usage), with differen«

! slopes for different pavement:.
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19, Field observation indicates that it is difficult to
remove rubber from the porous friction course pavements.

3.5 OTHER CONCLUSIONS

20. Wet Mu values can be corrected for calibration and
adjusted to the reference temperature 20°C. (See Equation 4.)

21. Personnel can be adequately trained to operate and
maintain the Mu-Meter to provide friction data for engineering and
maintenance purposes provided they operate the equipment
regularlv,

22, The program has successfully demonstrated that personnel
can be trained to observe rubber accumulation and other runway
conditions on consistent and correlatable scales.

23. The large data base resulting from this program can,
with relatively small additional data collection, be used to
determine long-term maintenance and pavement requirements
nationally.

24. Future analysis of the stereo photos could provide
significant findings on the charactersitics ol aggregate
microtexture and other factors which produce desirable friction.
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4. RECOMMENDATIONS

L The National Runway Friction Measurement Program has resulted
in the following recommendations:

1. Pavement types having high surface friction, as identified
in Figure 9, should be considered in the planning and design of
new runway surfaces, particularly for low-use runways.

2. The guidelines for rubber removal frequency, as contained
in Figure 19, should be used in planning and design of new runway
surfaces and as a maintenance guideline, for high-use runways.
Specific scheduling of rubber removal for an existing runway
should ultimately be based on direct observation of rubber
accumulation and measurement of surface friction.

3. The rating system used in this program for rubber
accumulation should be formalized and promulgated for use by
airport maintenance personnel,

b Pporous Iriction course, saw-cut grooving or other surface

trea-ments should be considered for existing runway pavements with
low surface friction.

5. The standard groove spacing .. % inches) should continue
to be used.

6. The large data base from this program should hre used tc
determine long-term runway maintenance and pavement reguirements
2N 1 nat.»nal nhasis.

7. Proarams should be designed and implemented :o define
relationshivos of runway friction to environmental factors (e.g.,
actual rainftfall conditions) and aircraft performance.

8. Advisory Circular 150,5220-12 should be updated with
modifications outlined in Section 2.7.

9. Studies should be performed to evaluate rubber
accumulation data and rubber removal effectiveness on porous
friction course pavements.




APPENDIX A

National Runway Friction Measurement Program
) Survey Dates

Central Region
Eastern Region
Great Lakes Region
New England Region
Northwest Region
Rocky Mountain Region
Southern Region
Southwest Region
Western Region
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TLOSSARY
AT, larry seal - N pavement with oa thin laver ~f aspna't ana
iregate gqro it cver an o existing asphalt navement .
LY, new — . pavement whice 1s twnilcatly dark 1n apnearance whnere
eoAgareaate 1S cayvered Dvoasppalt.
TihL o mieratexture -~ A navement which disvclays a L ritiv gexrure |
nd matrix s antact ar tae snrface
VT wokedd textare - f0opavement Ln whlen tne as/oaait ool oWl o
‘o the surtace exposing tne sand matrixzx and nne {
se aaaregate.
{
1 © T, macrotexture - A pavement 1n which the predominant

' Tartace 15 coarse aggregate and the sand matrix is worn away.

Asphalt, worn - A pavement which has protruding coarse aggregate ]
and the asphalt and the sand matrix are worn away.

Asphalt, porous friction course - A pavement with an open
graded surface of coarse aggregate,

Asphalt, chip seal - A pavement with aggregate chips applied onto
an asphalt seal.

Asphalt, rubberized chip seal - A pavement in which a chip seal
is held to the subsurface by a rubberized material.

o

Cleaned Runway - A runway approach end from which rubber has been
removed.

Concrete, microtexture - A pavement in which the surface is
predominantly a sand matrix.

Concrete, macrotexture - A pavement in which the surface is
predominantly coarse aggregate, typically due to wearing
away of the sand matrix.

Concrete, burlap dragged - A pavement which displays a surface
characteristic resulting from the dragging of burlap or
similar material on concrete surface while still plastic.

L Concrete, broomed or brushed - A pavement which displays a
surface characteristic of finely spaced markings resulting
from brushing the concrete while still plastic.




Concrete, wire combed - A pavement which displays a suriace
characteristic of transverse indentations spaced Lg-incn or
less, resulting from rigid combing o! the concrete while
still plastic.

Concrete, wire-tined - A pavement which displays a surface
characteristic of transverse indentations spaced one-fourtn
inch or more resulting from flexible rakina of the concrete
while still plastic.

Concrete, tloat grooved - A pavement which har regularly spaced
transverse grooves formed in the concrete« while still plastic.

Concrete, worn - A pavement which has protruding coarse aggregat:
and the surface may have begun to abraid.

Jontaiminant - Any foreign substance present .. the paoemens Lo
Correlation Coefficient - A statistic which summarizes *the
relationshio between two varilables, a valile of -1 or -1

indicates a perfect linear relationship, while a valuc
near N indicates a poor relationship.

Groove Deterioration - The degree of ineffectiveness of the groove
for channeling water rated on an integer <scale of 0 to 9, §
representing full effectiveness and 9 indicating total
ineffectiveness due to being filled, missina or poorly
constructed.

Groove Spacing -~ The center to center distance bLetwoeer tw  aroove
Joint Distress - The degree to which the Jolints betwoon sia:
are open, rated on an integer scale ftrom 0 to 9, U represontin

no joint distress, 9 indicates jolints ars oover more  tran
inch, with pieces of pavement broken away.

Multiple Regression - A statistical technique used to anslvee o
relationship between a dependent variable and one or inore
predictor variables.

Mu Value -~ The value recorded on the Mu-Meter chart reprosenting
the friction force developed by operatina the Mu=-Mete:
40 mph with 0.04 1inches of water applied itmmediately o
front of the measuring tires.

Rubber Accumulation - The degree of rubber accumulation on th
pavement surface rated on an integer scale trom ¢ to 9,
0 representing less than 10 percent of the pavement surtace
obliterated, 9 representing 90 percent or more of the
surface texture obliterated.

Saw-Cut Crooves - Transverse grooves cut into a cured asphalt .o
concrete surface.




vdard Rrror - o4 statistlc whlch Ldentit ies tne srandar
feroquion Oof 0 torcal neadasdrenent  from thiee o nestr sal e
¢oarodr of meas i cnenrns,

f uotural Distress - 'he degree o1 cracking or urearxup of the
rfavement surfac. cvated on an integer scale from € te 9,
* reoresenting noe structural deterioration, 9 representing
.. llgator pileces cnucklng out for asphalt pavements and blocx
sracking ¢or spalling Lor concrete pavements,

et detadied awefinitions and examples, refer to "Fhase |
Ceats s Mapual Lor the National Runway Friction Measurement .
LN H1cokoX o ana Associates, Aprtt 1979, ;
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Table of Concents

Fage
L introduction c-1 :
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APPENDIX ¢ - SAMPLE AIRPORT wolpor

AIRPORT SURVEY REPOKT
A LRPORT NAME (DES)

CITY, 57

ek e

“rict.un measurelients were made at the Ailrport Name Alrport on
January 11-12, 1980 as part or the National Runway Friction
Acasdrement Progruiu, 1h1s survey renort descrives the program
aind the resuits «: the measurements caken on rRunways 11-20 and
3-4ib.

AIRFORT SURVEY JOCLUINATION

An alrpor+t contact meeting was held on January 11, 1980, with
rhe ~ollowlng perscns in attendance:

Mr. James A. Smith, Alrpert Manager
Ms. Mary McBride, D.A. "ickok and Asscciates
Mr. Brian °Pluemer, :2.A, Hickok and Associates

SUAVEY PRUOGCHD RS
Sachlon neasn . oennts were wecbformed w1oh 3 Mu-Meter towe!

L s1v 00 et o che right of the Tunwavy

Center . one Lhowon. cdivections, Jnder coth dry and wet

droriles e

SONG LT Lwite . e Ma-Mecsrr rvaicetes the stde—-torce Zriction
VO w00 aad avement sdarhace, and Lt ocontaing a

St o WaLorling 30l

vopavoesiont condlt un o sarveyv was performed to evaluate sucn
cavtor o als savenrmsonn e, cavement texture, presence and
condit oln ol gros Doug, marKing e and condition, cobber
ACCUMU Ll 1, CullTasinNant accumulation, jolnt condition and

SLruCh oL CONG LY L. Tnese chardcteristlices will pe
SUaidAaAron AR L LCLLon measurements., Yisua. observations
B the  oerooot .oore condition were nade during a low speed

Sass  or the Tanwe, and at o stopbing Loints as regquired o muax:s

Gea isual inspeciions,.,  Spot tests wete periormed at four

LoatoLns oon each ruanway, and Lnocooded texture measurement

CUASA Grease Smeat Cest), transooel e S lope measurements and ]
cteren hiotograpns of the -exture.

SLOUUIESION
o Trict oo e crerentsoand re gt D o data Tor thie manwoy s ol
r—sented o0 Tao. s DFS-1 and DES-2. The Ltast port o of thae
Fabile sammarises L Lavement conditoon survey,

=1

- L




e criotion data owoere o covalaat el Daseed o0 Nasds e rehied

R

Lo gyLven ar pardagrat oot chapter 20 A 15075 320 .

Metnods 1oy e Design, Jonstruct.oon anc Maonterno v

Rersistant Alroort Pavement Surtaces, Moo roecommended Lo

woel Mu value tor & 50J-toot Incremen. St tanwav  lenaty

gJreater thar v cguas e 56, acoonding o R L0 TR0 -, "
Tagdes,  as repor o Do, are Rud b oL by Tuboan thou

range- fron 0 to 100,

Kunwiy 11-29 was surveyed on January 11, 1980 (sce Tabc

DES-15.  The average wet Mu value was cequal to or greater

thar S0 ¢ v all Sdb-toot increments obf runwav lengtui.

Kunwiav 3-2n was sarveyed or. January 1.-12, 1980 (sec Tatle

NES-2, ., Tne aversas wet Mu ovaliue was tess than S0 bheutween

THCE=200 0 Feer tron the Riimway Cotnresnay i, S1dan 11 tant

vl U 2 10 Was ubDserved 1n trtils same are g,

Moesdraenent. at the Alrpo. T ovame AIrnor T QJdrln ooalbiar

‘980 1ndicate that the average wets Mo ovalin was 1253 thar

S50 for morctions of Runwav n=206 ans eaqual t. O dgreater

than 50 tor all 500-foot increment: of Runway .l-L35.

Tooshourt be nonted That some 0l L wel MUoosasues
iporoxlnate the dry Mu values 1hoocas wieero aoog D aa-

i characteristlces are encaountere.

. SUMM Y

h res it ' L Jandary oo triZtioan L ey & L1rnor:

ame Alrnort indicate thiat rRonwav H-26 as o ooi-1oon seatio

e oW b s PO eal TGt it w2l ue dlid L aWE S Lm0y e L

Lo recommended D rictlor valies Daser Onosoen T O G e

er o resualis of urevious tricuion surveys conductea ir Jane

LT and ot obe:r 1979 anatceted tie LW ruwavs et recors

mended rrictics values.

T daniuary 1980 suarvey completos e scheduled Nationa.

Dunway Mractron Measurement Prodran te’ ong oat Aivoart e

Arroort ., Aotinal report tor the prograr wi.ol no ores

Eher Teosovaal Svaat i Adminaat vat oo Lo BECE AT AN ¥
Jdleanle o naterested parties 1o oean oo D00 L T RS Lo
oty at ol ot Lne alrnaors stalt othrougls toe pros Canmoas oo
T R R RS AL

v e e s e




DATE :
TIME:
RUNWAY

PAVEMENT SURFACE:

GROQVING TYPE: (11) (- 508, NON
i 500- 680, SAW-CUT GROOVES
i 680-5500, NONE
FRICTION (MU) VALUES
RUNWAY 11 RUNWAY 2%
SEGMENT (FT) DRY MU WET MU SEGMENT (FT} DRY MU  WF1
* 6 - 500 80 s * 5500 - 500 st S
500 - 1000 82 74 5000 - 4500 8C E
1000 - 1500 82 81 4500 - 4000 gz 5o
150C - 200¢C 83 31 4006 - 3500 84 83
2000 - 2500 82 82 3500 - 3000 84 U
2500 - 3000 83 z 3000 - 2500 83 Ty
3000 - 3500 83 74 2500 - 2000 83 76
3500 - 4000 81 0T 2000 - 5006 €1 '
4000 - 4500 81 0t LDUU = LUl 7Y t
4500 - 5000 81 7z 1000 - 500 8" 68
* 5000 - 3500 83 8¢ * 500 - 0 7Y 79
AVERAGE 82 77 AVERAGE 82 7
NOTE: Mu measured 10 ft right of centerline.
*These segments werce not measured at 40 mph and are not inc.eded
1n average.
TEMPERATURF DATA
ATR TEMPERATURF () 20
PAVEMENT TEMPERATURE (C* 29
WATER TEMPERATURE (C) 15
1
e i il i -~ ol chiie

NATIONAL RUNWAY FRICTION MEAGULREMENT PROGRAN
TABLE  DEs - 1 AT«“PORT NAME
SITE NUMBER: :111:
SURVEY RESULTS FOE RUNWAY 11-26
1711780 LEADER: BRF
1240 - 1500 ASSISTANT: MFEN
LFENGTH: 5500 FEET
(11) ASPHALT, O~ 560, WORN SURFACL
CONCRETE, 560- 640. BURLAP DRAGCED
ASPHALT, 640~-4010, WORN SURFACH
ASPHALT. 4010~4650C, MIXED~TEXTURF

ASPHALT , 4650-550¢0,

WORN SURPACEH

M

e g




TABLE Dibs - 1 CONTINUED

RELATED MEASUREMENTS: RUNWAY 11

NASA
GREASE
TRANSVERSE SMEAR GROOVING
STATION OFFSET SLOPE TEXTURE SPACING WIDTH DEPTH RUBBER
{FT) (FT) {%) {IN) (MM) RATING
1160 10 0.7 0.025 - - - J
<710 10 0.8 0.042 - - - )
2710 70 -0.5 0.042 - - - 0
4010 <0 1.1 0.021 - - - 0

PAVEMENT CONDITION SURVEY RESULTS
RUNWAY 11

{Conditions ar. rated on a scale of 0 to 9, 0 representing the
nest condition)

RUBRER ACCUMULATION SEGMENT (FT) RATING
3 - 6580 J
680 - 720 2
720 - 5500 0

STRUCTURAL DISTRESS SEGMENT (FT) RATING
0 - 230 U
230 - 320 3
820 - 9260 6
960 - 2740 3
2740 - 2800 L
~800 - 5500 3

; JOINT DISTRESS SEGMENT (FT) RATING
0 - 230 Q
230 - 2740 3
2740 - 2800 1
2800 - 5500 3

TROOVING CONDITION SEGMENT (FT) TYPE FEATING
500 - 680 SAW CUT H

ONTAMINANT CONDITION SEGMENT (FT) TYPE RATING
0 - 5500 NONE 0

P




NATIONAL RUNWAY FRICTION MEASUREMENT PROGRAN
TABLF DES - 2  AIRPDORT NAMFE
SITE NUMBER: 1111.
SURVEY RESULTS FOR RUNWAY 8-26
DATE : 1/11-12/89 LEADER: BRF
TIME: 2045 - 2110 ASSISTANT: MEN
RUNWAY LENGTH: 8000 FEET
PAVEMENT SURFACE: (8) CONCRETE, 0-1000, BROOMED
CONCRETE, 1000-1800, MICROTEXTURF
CONCRETE, 1800-8000, BURLAP DRAGGVL
GROOVING TYPE: (8) 0-~8000, SAW-CUT GROOQVES
FRICTION (MU) VALUES
RUNWAY 8 RUNWAY 26
SEGMENT (FT) DRY MU WET MU SEGMENT (FT) DRY MU WET M
* 0 -~ 500 79 74 * 8000 - 7500 g2 7
500 - 1000 82 69 7500 - 7000 8¢ 7
1000 ~ 1500 78 58 7000 - 6500 A 57
1500 - 2000 76 48 650C -~ 60Q¢C ¢ 5¢
2000 - 2500 79 62 6000 - 550C g 7.
2500 - 3000 82 70 5500 - 5000 83 T
3000 - 35C0 83 70 5000 - 4500 82 7
3500 - 4000 82 67 4500 - 4000 8z T
4000 - 4500 82 73 4000 - 3500 g~ v
4500 - 5000 82 77 3500 - 3000 87 o
5000 - 5500 80 71 3000 ~ 2500 81 7
5500 - 6000 80 68 2506 ~ 2000 81 6
600C - 6500 80 Hz 200C¢ ~  150u Tt S
6500 - 7000 76 67 1500 - 1000 70 A
7000 - 7500 79 2 1000 - 500 77 5¢
* 7500 - 8000 82 75 * 500 - 0 T 7e
AVERAGE 80 66 AVERAGE 80 A
NOTE: Mu measured 10 ft right of centeriine.
*These seqments were not measured at 40 mph and are not incl e
In average.
TEMPERATURE DATA
AT1R TEMPERATURE (C) 2(
PAVEMENT TEMPERATURE {(7) 27
WATEER TEMPERATURFE (., 1=

NPT PR, ¥ W)
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TABLE DES - 2 CONTINUED

RELATED MEASUREMENTS: RUNWAY 8

NASA
GREASE
TRANSVERSE SMEAR GROOVING
STATION OFFSET SLOPE TEXTURE SPACING WIDTH DEPTH RUBBER

(FT) (FT) (%) (IN) (MM) RATING
2000 10 0.8 0.004 37 7 6 1 k
1000 10 1.2 0.008 38 7 5 0
4000 70 -0.6 0.018 38 7 0
6000 10 1.1 0.003 38 7 6 2

TABLE DES - 2 CONTINUED
PAVEMENT CONDITION SURVEY RESULTS
: RUNWAY 8

{Conditions are rated on a scale of 0 to 9, 0 representing the best
condition)

RUBBER ACCUMULATION SEGMENT (FT) RATING
0 - 1040 0
1040 ~ 1160 1 :
1160 - 1300 3 ;
1300 - 1760 2
1760 - 2100 1
2100 - 5600 e
5600 ~ 5940 1
5940 - 6180 2
6180 - 6360 3
6360 - 6600 4
6600 - 7130 2
7130 - 7300 i
7300 - 8000 0 :
STRUCTURAL DISTRESS SEGMENT (FT) RATING
0 - 1800 3
1800 - 7550 1 :
7550 - 8000 3
TOINT OISTRESS SEGMENT (FT) RATING
0 - 950 1
950 - 1800 5
1800 - 7550 1 t
7550 ~ 8000 5 '
SRCOVING CONDITION SEGMENT (FT) TYPE R™TING ’
0 - 8000 SAW CUT 1
CONTAMINANT CONDITION SFGMENT (FT) TYPE RATING
i P 000 NONE V]
-6




TABLE

TABLE

TABLE

TABLE

TABLE

Summary
Summary
Summary
Summary

Summary

APPENDIX D

Uniform Segments Data Characteristics

Table of Contents

L)

of MU Values for Uniform Segments
of Groove Dimension for Uniform Segments
of Rubber Rating for Uniform Segments

of Joint Rating for Uniform Segments

of Structure Rating for Uniform Segments
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APPENDIX F

Date Summaries tor Tables an: bboggr.

Table O Jontent s

TARLE b= Dat s e tor Tables 4, 6 oand Y, L, 15, 16 F=1

TARTE b o sdrrary tor Table © and Figure 10 E-3

L - e vy Flgure 1) E-<¢
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TABLFY k-1
DATA SUMMARY FOR TABLE:S 4 and 6 anc ]
FIGURES 9, 13, 15 ana 16 §
i
Uniform 500-Foot Segments i
__With No Rubber ___Witn Rubber {
Std. No. of Torrel. No. o: !
Pavenent Types = Mear Dev . Cases Coeff. Cases
3
ASPHALT: 1
New 1. 13.6 665 -3, 57 ]
Microtesture 65.% 9.1 1,695 -.55 366 i
Mixed Toxture 68 .4 bR 3,722 -.6Y¢ 746 i
Macrotextare 74,1 7.5 1,33% ~-.60 191 i
wore 746 S -.56 10 i
Porous Friction Course 77.4 5.0 2,701 -.59 230 !
Chir Sea’ 7501 7. 52¢ -— L2z !
Rubberized Chip Seal 73.0 9.% 24 -- (37 }
Slurry Seal 70,2 6.y 26¢ - Pl :
|
]
ASPRALT Wi it ;
SAW-UT GROOVES: |
New B 4.4 21 -.5" 4 ;
Microtexture 75.0 6.4 1,51¢ -.4C 4
Mixed Texture 73.7 6.5 2,657 -.34 94
Macrotexture 73.°% 6.6 49 3 -.44 BT
wWorn 71.6 7.8 10C - (21 J
CONTCRET "
Microtextur:: 57,64 8.7 29 -.73 57
Macrotexture 66.2 543 4z - (1)
Worr 64 .2 8.8 1e” - 10
Bur.an Dragaen 57.¢ Tz 1,16¢ -.64 130
Broomed or Brushed 63.3 1c.7 414 -5 227
wire Combed 68.6 10.¢ 337 -.4: 162
Wire Tined 69.1 7.0 608 -.29 147
Float Grooved 65.6 6.2 415 -.46 64
]
CONCRETE WITH
SAW-CUT GROOVES: )
Microtexture 71.1 7.7 551 -.54 137 1
Macrotexture 69.7 5.3 44 - (10)
Worn 72.0 4.3 162 -- (64)
Burlap Dragged 73.7 5.8 1,469 -.55 523
Broomed or Brushed 69.2 6.0 315 ~-.33 123
Wire Tined 73.8 3.9 105 - (35)

TOTAL 23,323 5,419
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TABLE b-2

DATA SOMMARY WOR CTABLE 5 and PIGURE 10 !

Conter Spots with No Rubber
Thagrooved | Saw-Cut Grooved 1
Sid. No. of ~ 5td. HNo. of
Yy e Mean  bBewv,  lases Mean DLev. Cases
t i
\ ! 5 a3 7 Pl A 6L L4
Gt L4,z i o I 159 '
! R LY. « B 5.9 6.4 250
ST T X ure 2707 b Jad .3 6.4 7
coeny 3% .0 5.9 1 24,7 9.3
Ao Triation Coarse 8.5 fhlh 34 -= - -
SRR 2407 9.9 83 -— - -
cernevized Chip seal 3.9 26.3 2o -= -= -
siurry Seal 19.0 3.7 60 -- -= - %
CONCRETE : 4‘
Microtexture 12.4 4.4 48 11.0 1.7 40 i
Macrotexture 16.5 4.1 6 12.0 4.5 4 )
worn 12.8 2.9 22 12.8 4.4 17 !
Burlap Dragged 13.9 6.7 136 11.9 4.2 122 i
Broomed or Brusned 14.5 8.5 72 10.5 5.5 19 1
Wire Combed 18.0 6.8 28 - - - i
Wire Tined 22,2 13.7 91 20.9 9.6 10
"loat Grooved 12.5 6.7 39 -- - == i
TOTAL CASES 2,355 694

NOTES: 1. Table 5 - uses all data.
2, Figure 10 - uses all data in first column
{("ungrooved").
3. "Center spots" - located 10 feet from runway
centerline; other spot data include "side spots"
(near runway =dge) and center spots with rubber.




TABLE E-3

DATA SUMMARY FOR FIGURE 11

Number of :

Correl. Standard Center Spots
Curve  Coeff. Parameter Mean  Deviation With No Rubber
ASPHALT .56 Wet Mu Value 70.9 9.7 1,896 |
loge (Texture) 3.10 0.60 1,896
CONCRETE .33 Wet Mu Value 62.4 10.3 397 ;
loge (Texture) 2.64 0.48 397 |
TOTAL CASES 2,293

NOTES: 1. Texture has units of inches x .00l (e.g., actual
0.0120 inches expressed as 12.0).

2. Asphalt - includes ungrooved types as follows: new,
microtexture, mixed texture, macrotexture, worn,
porous friction course, chip seal, rubberized chip
seal, and slurry seal.

3. Concrete - includes ungrooved types as follows:
microtexture, macrotexture, worn, burlap dragged,
broomed or brushed, wire combed, wire tined and belt
finished.

4, Friction ("wet Mu value") data - read directly from
Mu-Meter strip charts for "center spot" locations;
some missing friction data result in smaller number of
cases here than found by totaling individual pavement
types.




3
TABLE -4
DATA SUMMARY FOR PIGURE 17
Ster-— std.irror lorvedl., Std. Ho. o
arve Jept Slope  of vilope floeftf. Prarameter Mean Dev. (Cases
SPHALT Gl 3 vLulod s o+ g.Looeo” .74 Lverage L0 Sl Y 16k
“unmer
RN
i ( [ Vo, T 0w [
P ROOVED Jedu o uLtaudl o+ UL, 00007 od S rade
SSPHALT Sy Ll L4
bt e
Lhmnalnids P T D, e S
CONCRETE 0.52 0.00047 + 0.00008 .77 Average
“wubber Lol 1.7 6
[ “nnual
Landings 1,175 2,738 26
TEXTURED U.96 0.00013 + 0.00008 .22 Lserage
CONCRETE ‘bber 1.3 1.5 50
Annual
Landings 2,694 2,540 a0
l GROOVED  0.88 0.00013 + 0.00009 .17 Average
CONCRETE Rubiser 1.0 1.4 77
Annual
Landings 1,312 1,869 o
TOTAL JASES 440

NOTES: 1. Cases restricted to uncleaned runway ends with annual
landings greater than 250 million pounds per vear,
known pavement age, and ability to be classified as
"asphalt", "ground asphalt", etc.

2. Average rubber - units of rubber accumulation rating
(0-9 scale) as 2000-foot average for ranway end.

3. Annual landings - millions of pounds per year tor
runway ad.

4. Curves represent the following pavement tvpes:
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TABLE E-5
DATA SUMMARY FOR TABLE 7 AND FIGURE 18
Curve or Correl. Standard Number
Pavement Class Coeff. Parameter Mean Deviation of Cases
ASPHALT .35 Max. Rubber 3.1 2.4 33
Cum. Landings 410 677 33
GROOVED ASPHALT .30 Max. Rubber 3.0 2.0 76
Cum, Landings 1,429 1,783 76
CONCRETE .71 Max. Rubber 2.7 2.4 28
Cum. Landings 811 1,758 28
GROOVED CONCRETE 57 Max. Rubber 3.3 2.3 91
Cum.Landings 1,741 2,405 91
TOTAL CASES 228

NOTES: 1. Cases restricted to runway ends with record of cleaning
during program or within one year prior to first
testing and with ability to be classified as "asphalt",
"grooved asphalt", etc.

2. Maximum rubber -~ units of rubber accumulation
(0-9 scale) as maximum observed 500-foot segment for
runway end.

3. Cumulative landings - millions of pounds since rubber
cleaning date for runway end.

4. Curves, or pavement classes, represent runway ends
having predominant pavement type or types in the
listed categories.

il S o At e b e i il . ante,




TABLE E-6

DATA SUMMARY FOR FIGURE 19
PART A - FRICTION RELATED TO RUBBER ACCUMULATION

| No. of Uniform

! Correlation 500-Ft Segments
! Pavement Type Coefficient With Rubber
ASPHALT:
Microtexture -.55 366
1 Mixed Texture -.69 746
Macrotexture -.60 191
Worn ~-.56 110
! ASPHALT WITH
| SAW-CUT GROOVES:
New -.53 43
Microtexture -.42 473
Mixed Texture -.39 984
Macrotexture -.44 156
CONCRETE:
Microtexture -.73 57
Burlap Dragged -.64 331
Broomed or Brushed -.57 225
Wire Combed -.41 163
Wire Tined -.29 147
CONCRETE WITH
SAW-CUT GROOVES:
Microtexture -.54 137
Burlap Dragged -.55 523
Broomed or Brushed -.33 123
TOTAL CASES 4,775

NOTES: 1. This represents subset of data from Table 6 (excludes
new asphalt, porous friction course, and float
grooved concrete).

2. Correlation coefficient - shown is simple correlation
between rubber and friction data.

3. Figure 19 - based on combined results of Table 6 (see
above) and Table 7 (see below).




TABLE E-6 (continued)

PART B - RUBBER RELATED TO CUMULATIVE LANDINGS

No. of Uniform

Correlation 500-Ft Segments
Pavement Type Coefficient With Rubber
ASPHALT .35 33
GROOVED ASPHALT .30 76
CONCRETE .71 28
GROOVED CONCRETE 5 91
TOTAL CASES (Runway Ends 228

NOTES: 4. This represents data from Table 7.

5. Correlation coefficient - shown is simple correlation
between maximum 500-foot segment rubber and cumulative
landings since rubber cleaning date for runway end.

E-8




APPENDIX F
Photographs of Pavement Types
Table of Contents
‘{ Figure Page j
5? F-1 Slurry Seal Coat F-1
F-2 New Asphalt F-1
F-3 Microtexture Asphalt F-2 |
F-4 Mixed Texture Asphalt F-2
! F-5 Macrotexture Asphalt F-3
F-6 Worn Surface Asphalt F-3
F-7 Porous Friction Course F-4
F-8 Chip Seal F-4
F-9 Rubberized Chip Seal F-5
F-10 Microtexture Concrete F-5
F-11 Macrotexture Concrete F-6
F-12 Worn Surface Concrete F-6
F-13 Burlap Dragged Concrete F-7
F-14 Broowed or Brushed Concrete F-7
F-15 Wire Combed Concrete
F-16 Wire Tined Concrete
F-17 Float Grooved Concrete
F-18 Microtexture Asphalt with Saw-Cut Grooves

F-19 Burlap Dragged Concrete with Saw-Cut Grooves




APPENDIX F - PHOTOGRAPHS OF PAVEMENT TYPES
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FIGURE F-1. SLURRY SEAL COAT

FIGURE F-2. NEW ASPHALT
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FIGURE F-3. MICROTEXTURE ASPHALT
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FIGURE F-4, MIXED-TEXTURE ASPHALT
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FIGURE F-6.




FIGURE F-7. POROUS FRICTION COURSE

FIGURE F-8. CHIP SEAL
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FIGURE F-9.
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FIGURE F-11. MACROTEXTURE CONCRETE

FIGURE F-12., WORN SURFACE CONCRETE




FIGURE F-13. BURLAP DRAGGED CONCRETE
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FIGURE F-14, BROOMED OR BRUSHED CONCRETE
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APPENDIX G

SUMMARY OF RESULTS OF MU-METER VARIABILITY STUDY

TEST PROCEDURE

Variability tests were performed by the FAA's Technical Center
using two Mu-Meters run continuously through the 500-foot concrete
pavement section for ten runs with self-watering systems operating.
After completing ten runs, water tanks were refilled and the next
ten runs were conducted. The data were obtained from the Mu graph
chart. Mu averages were estimated for each 100-foot segment of
the 500-foot averages for each Mu-Meter were obtained by totaling
the Mu averages for each 100-foot segment and dividinjy by five.

SUMMARY OF RESULTS

ML 361 ML 364 ML 365 | ML 366* ML 378 ML 383

Mean of 20 56.62 54.88 57.91 58.89 56.23 55.13
Measurements
Probable 1.40 1.47 l1.62 2.00 0.93 1.36

Error from
Mean of All
Readings

Probable 1.40 1.02 1.24 0.94 0.92 1.04
Error from
the Mean of
Each Device

*Ten measurements performed with this equipment.

CONCLUSIDNS

The results of the above analysis concur with the manufacturer's
findings that the acceptable variability of the Mu-Meter is within + 2
Mu values.
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APPENDIX H

Hydrologic Study

Summary and Conclusions

General Background

Nomenclature

First Approach - Texas Transportation Institute
Second Approach - Manning's Equation
Reconciling the two Approaches

TABLE 1. - Equivalent Rainfall Intensity for Wet Friction
Measurements
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MEMORANDUM

RY : John Erdmann
DATE: February 15, 1979
SUBJECT:  FAA National Runway Friction Measurement Program

Equivalence of Rainfall Intensity to Mu-Meter Water Depth

: SUMMARY AND CONCLUSIONS

In the subject program, wet friction measurements with a Mu-Meter
Jse a ocontrolled water depth of D.04 inches (or 2,02 inches for
measurements made earlier in the program). The question naturally
arises, what i{s the rainfall intensity equivalent to the
controlled water depth used in the measurements? By investigating
and reconciling two different approaches to this question, as
subsequently described, the results presented in Table 1 were
icnieved.

TABLE 1. - Equivalent Rainfall Intensity for Wet Friction

Measurements#

Equivalent Rainfall Intensity,
Inches Per Hour

Average Texture Depth Water Depth Water Depth
Inches D.02 Inches 0.04 Inches
0.01 O.u4y 1.40
WATER DEPTH ABOVE ASPERITIES
-------------------- . ——————— 1.26
WATER DEPTH BELOW |
0.03 ASPERITIES 0.37 l 1.18
0. 04 N L) -
0.05 0D.34 1.09
0.06 N0.33 1.06
2.07 0.33 .03
0.08 0.32 1.0
0.09 0,31 0.99
0.10 0.31 0.98
#Assuming distance from centerline 10 feet and transverse slope
1.5 percent.




Thus far in the Program, average texture depth has been less than
0.05 inches in the great majority of cases.

The "Federal Meteorological Handbook No. 1" (2nd edition, January,
1979) classifies rainfall as follows:

Rainfall Intensity,

Inches Per Hour Classification
Trace - 0.1 Light rain
0.1 = 0.3 Moderate rain
Greater than 0.3 Heavy rain

Thus, in all cases shown in Table 1, equivalent rainfall intensity
falls in the "heavy rain" category.

The remainder of this memorandum documents the results presented in
Tarie

JENERAL BACKGROUNT

Equivalence between rainfall intensity and water depth on pavement has
neen investigatel by the Texas Transportation Institute for the
special case in whinkh water depth exactly equals average texture
tepth. An empirical equation was developed to relate equivalent
rainfall intensity to average texture depth, transverse slope and
distance from pavement crown.

An alternative approach is hased on Manning's equation for flow. Botn
approaches were investigated and they were found to be similar in
tneory. However, each approach has a distinet advantage. The first
approach ‘Texas Transportation Institute) is precisely calibrated for
tne juestion at hand, but is applicable only when texture depth
exactly ejnals water depth. The second apprc~ch Manning's) is
1eplirable when texture depth 1iffers from water depth, but it
rejquires falibra*tioan ~f an additional variable (Manring's n, related
*5 pavement "roughness" ! for the question at hand.

The 'W o oapproaches were recon-~iled so as to retain the advantages .f each.

NOMENTLATURE

BRI = rainfal. intensity (in.’/hr.);
= average texture depth (in.);

= distance from pavement crown, i.e. runwayv —“enterlipne,
tno lncation of interest (ft.,);

3 = transverse slope (ft./ft.);
1 = depth of water (in.);

v = veloecity of filow away from pavement crown (ft./sec.): and

n = Manning's n (dimensionless).




FIRST APPROACH - TEXAS TRANSPORTATION INSTITUTE

Mr, Morrow of the FAA communicated the following equation, developed
by the Texas Transportation Institute, for the rainfall intensity
required to fill a given texture depth exactly:

T-89 4 g.42y1.695
RI (d=T) = 1.543 x 104 x % L.E3 % (1)
The notation RI(d=T) signifies that water depth must equal texture
depth for this equation to be applicable.

For the usual case where L=10 feet from centerline and slope S=0.015,
Eq. 1 gives the following results:

d or T, inches RI(d=T), inches/hour
.02 40
LOu 1.13
.06 2.08
.08 3.3
.10 4,49

Thus, for example, where water depth and average texture depth both
equal 0.04 inches, the equivalent rainfall intensity is 1.13 inches
per hour,

SECOND APPROACH - MANNING'S EQUATION

A water balance requires that the rainfall between the centerline and
a point at distance L from the centerline must equal the rate of flow

over the pavement surface away from the centerline, at the distance L.
This implies the fonllowing equation (which includes unit conversions):

RI x L . ‘_dng
12 x 360C P (2}

According to Manning's equation, the velocity away from the
centerline, v, is related to the hydraulic radius (equal in the case
of a 'v' channel to d/2°*2), transverse slope S, and factor n
(dependent on roughness) as follows:

2/3
v = 1.89 o g1/2 § d g (
n 12 x 2V/2 3)
Substituting Eq. 3 into Eq. 2 and solving for RI yields
RI = 812 x é%lﬁigLQEiﬁg
L xn (4)




A reasonable value for Manning's n is ,04., This assumption, with the

usual values L=10 feet and S=.015, results in an estimated rai

nfall

intensity of 1.16 inches per hour for a water depth of 0.04 inches.

Agreement with the estimate by £3. 1 (1.13 inches per hour) is
achieved by increasing Manning's n to .041.

RECONCILING THE TWO APPROACHES

Eq. 4 can be calibrated to Eq. ! by solving for the vilu=s of
Manning's n required to make the two equations agree in those
cases where texture depth equals water depth as follows:

d or T, inches  RI(d=T), inches/hour Manning's n

.02 J40 .27
-04 .13 LA
.06 2.08 VYIPN
.08 2,21 LuE
.10 La .4

By ciotting 1 versus 7T on lozarithmin paper, Thess TWwe variar e
[l S

foun! to it “ne folliowing relation:
no= 2.76964 x T

Substituting tnis result in Eq. 4 *hwern iven

P I I
T = LR ¢ 1t g T DY
S . EE TR
For the usual ~ase Jnh=2re S = ,01F an:t L = ' Toet,
RT = 142.7 ¢ 4%/ . rult0Rd

Eq. 7 then represents Eq. 4 "ealibrated o™ Fa,

The observation that =q. 1, Jdpon vixp ificat. n, as te oy

form as %q. U4 suggests one further refinement. Furtbher,  wit:
S=.015 and L=10 feet, Eq. 1 bernmes

RI(d=T) = ‘44,9 x 71':0855

Eq. 7 can then be made to agree more exiact v Wiln (s, % (0!
adjusting the coefficient and the exponent 2 7 as all ws:

1
RI = 144,9 x 4573 T7-’““‘J

Eq. 9 might be said to represent Eq. ' "modified accortine t-"
Manning's equation.
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Eq. 9 is the final result of this investigation and is the basis for
the equivalent rainfall intensities in Table 1. Note that this result
specifically assumes a transverse slope of 1.5 percent and a distance
from runway centerline of 10 feet. These represent usual conditions
for the Mu-Meter wet friction measurements, thus equivalent rainfall
intensity can in most cases be found using either Eq. 9 or Table 1.

The .04 inches deposited in front of the measuring wheels will just
fill the texture when it has a mean depth of .040 inches. When the
same amount of water is applied to a runway with a mean texture depth

; of .020 inches, .02 inches will be above the texture and will flow

i more freely. The equivalent rainfall rates required to achieve a total
water depth of .04 inches 10 feet from the centerline of a runway with
a transverse slope of 1.5 percent are 1.1 and 1.3 inches per hour for
mean textures of .040 and .020 inches, respectively.

The nine FAA regional office locations have statistically predicted
rainfall intensities that will equal or exceed these rates for
different lengths of time. The following table shows the duration, in
minutes, of storms with return frequencies of 2 years and 10 years,
having intensities exceeding the Mu-Meter self-watering rate for each
location, for the two textures.

Return Frequency
Location 2 Years 10 Years

1.1 in./hr. 1.3 in./hr. 1.1 in./hr. 1.3 in./hr.
Boston 50 4o 105 85
' New York 75 60 165 130
' Atlanta 100 85 180 150
Chicago 80 65 130 115
Kansas City 95 70 210 170
! Fort Worth 105 90 220 180
Denver 30 23 75 60
Seattle 6 y 19 15
Los Angeles 18 14 52 30
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APPENDIX I

Report of Inventions




APPENDIX I - REPORT OF INVENTIONS

The work performed under this contract, while leading to no
new invention, has led to several innovative concepts on the use
of Mu-Meter surface friction measurements for design and
maintenance of nonslippery surfaces at United States airports.
This constitutes the first nationwide body of data on runway
surface friction characteristics, as well as other surface
conditions. The data were used to analyze the effect of pavement
type and texture, grooves, rubber accumulation, rubber removal,
climate and traffic on surface friction characteristics and
application of those characteristics to maintenance plans.
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